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A bstract
The work presented in this thesis describes the first experimental study of the 
^^C (^ ,p n ) reaction using linearly polarised tagged photons in the energy range 
150 MeV to 360 MeV. The experiment was carried out using the MAMI-B c.w. 
electron accelerator at the Institu t fiir Kernphysik, Mainz, Germany.
Linearly polarised Bremsstrahlung photons were produced by a diamond ra­
diator and are tagged by momentum analysing the recoiling electrons using the 
Glasgow tagging spectrometer. The tagger has an energy resolution of 2MeV and 
can tag photon fluxes of up to ~10®s“ .^ The target was in the form of a 2mm 
thick graphite sheet, placed at an angle of 30° to the photon beam line. A plastic 
scintillator hodoscope PiP was used to detect the protons from the target, and 
covered polar angles from 51° to 129°, with a resolution of ~4.5° and azimuthal 
angles from -22.8° to +22.8°. The coincident neutrons were detected in 6 banks 
of plastic time-of-flight (TOP) scintillator detectors, each made up of 2 layers. 
These were positioned opposite PiP, covering polar angles from 10° to 175° with 
a resolution of ~2°, and azimuthal angles in the range 160° to 200°. The detector 
system has a missing energy resolution of ~7.5 MeV for allowing nucleon breakup 
from the (Ip lp ) shells and (Is lp ) shells to be distinguished.
Direct knockout events were selected on the basis of angular correlation and 
missing energy. Photon asymmetries and parallel and perpendicular cross sections 
were measured in 12 photon energy bins, each of width 20 MeV. W ithin each bin 
asymmetries were measured for 3 missing energy regions, (20-40 MeV), (40-70 
MeV) and (>70 MeV), corresponding to the ejection of nucleons from (Ip lp ) , 
( Ip ls )  shells and multiparticle processes respectively.
Systematics of the asymmetries were studied by measuring those asymmetries 
as a function of recoil momentum for the 20-40 MeV and the 40-70 MeV missing
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energy regions. W ithin the 20-40 MeV region photon asymmetries were also 
measured as a function of proton polar angle. Differential cross sections were 
also m easured for both the parallel and perpendicular directions of polarisation, 
in the 20-40 MeV missing energy region. Comparisons have been made with 
results on lighter nuclei from previous experiments, which aUow some clear trends 
to be identified. The data have been shown to be consistent with direct 2N 
knockout for missing energies up to 70 MeV. The data have also been compared 
to predictions of asymmetry from the theory developed by the Gent group, and 
good agreements have been found in the 20-40 MeV missing energy region, at 
photon energies above 200 MeV. Differences were found between data and theory 
in the 40-70 MeV missing energy region, and for the 20-40 MeV region below 200 
MeV.
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Chapter 1
Introduction
Introduction
1.1 In troduction
The subject of this thesis is the study of the asym m etry of the ^^C (^ ,p n ) reic- 
tion, at photon energies around the Delta resonance region. In the general fielc of 
nuclear physics, polarisation variables and their phenomena have been found to 
be very helpful in differentiating between different nuclear reaction mechanisms. 
In photonuclear physics itself, recent advances in accelerator technologies have al­
lowed great strides to be made in the study of complex reactions involving sniaH 
cross sections. Most of these advances have come in the form of high duty factor 
electron beams of high quality, although improvements in detector performance, 
and the rapid increase in computing power has also contributed. The most recent 
development, which is the focus of this present work, is the production of Hnearly 
polarised photon beams. Alongside this, advances in the development of theo­
retical understanding and the construction of more complex theoretical models 
have allowed a greater understanding of the underlying processes at work, de­
cent models incorporating polarised photons have predicted strong, measurable 
asymmetries which are very dependent upon the competing reaction mechanisms.
This chapter describes the progress in the study of photonuclear reactions, 
from early developments in the field, through recent experiments using unpo­
larised photons, up to the present work, which incorporates polarised photons 
together with the latest techniques and models. These measurements provide 
im portant information and strong constraints on photonuclear reaction mecha­
nisms and interactions.
1.1.1 P h o to a b so rp tio n
Photons have been widely used as probes for nuclear physics experiments for 
many years now, for two main reasons. Firstly the electromagnetic interaction
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between the photon probe and the nucleus is relatively weak. This allows he 
photon to probe the entire nuclear volume and is a major advantage over sone 
hadronic probes which interact strongly, predominantly with the nuclear surfee. 
Secondly, the basic electromagnetic interaction is well understood and the p.o- 
ton views the nuclear medium as a collection of nuclear charges, currents aid 
magnetisation densities, to which it can couple. This ensures tha t any measue- 
ments provide information on these constituents. This again is an advantage oer 
strongly interacting hadronic probes. Some of these features are visible on a pot 
of total photoabsorption cross section per nucleon for a collection of differnt 
nuclei [1], shown in figure (1.1). As can be seen, there are distinct features at
n B e
o Cu
I
I
50 100 5000 10000
ph o to n  e n ergy  (M eV)
Figure 1.1: Total Photon Absorption Cross Section per Nucleon 
different photon energies, and therefore different photon wavelengths. The lage
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resonance peak at ~30 MeV corresponds to collective excitations of the whole 
nucleus. Here the photon has a wavelength comparable to the size of a nucleus, 
and is absorbed mainly by electric dipole transitions. This causes an excitation 
of the whole nucleus, which then decays mainly by the emission of nucleons. This 
behaviour is described in terms of a collective model. The second peak at~300 
MeV is known as the Delta resonance region. Here the photon has a wavelength 
comparable to the size of a single nucleon, so tha t a single nucleon can be excited 
to its first excited state, the A (1232) resonance, which rapidly decays via the 
production of a real or virtual pion. The width of the peak is in part due to the 
Fermi motion of the nucleons. In between these two peaks, at ~50-200 MeV, one 
can see the cross section is much reduced. In this interm ediate region the photon 
has a wavelength in between the size of the nucleus and a nucleon. Photon ab­
sorption on single nucleons is greatly suppressed due to momentum conservation, 
leaving absorption by nucleon pairs (2N absorption) as the strongest process in 
the region. This picture of 2N absorption eventually led to the development of 
the quasideuteron model, (QD model) [2], which has since been greatly developed 
[3, 4, 5] and agrees well with a range of accurate measurements. The present work 
was conducted at photon energies between 150 and 360 MeV, spanning the top 
end of the interm ediate region and most of the A resonance region, and thus 
covers a large region of interest.
1 .1 .2  T h e Q u asid eu teron , and O ther E arly  M od els
The QD Model, m entioned briefly above, was first developed by Levinger in 
1951. In this phenomenological model the photon is absorbed by a pn  pair, 
with the rest of the nucleus acting as a spectator. It was developed in response 
to the failure of earlier compound models which assumed a 2-step process in 
which the photon was absorbed, leading to an excited state, which decayed via
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nucleon emission. The compound model was successful at low photon energies, 
but at higher photon energies it underestim ated the number of em itted protons 
and failed to describe their angular distribution. More im portantly the model 
failed to predict the observed cross sections for the production of protons with 
high momenta. Levinger speculated tha t photon absorption took place not on 
the whole nucleus, but rather on a jm  pair within th a t nucleus. This pn  pair 
provided an electric dipole moment to which the photon could couple. The model 
also allowed the proton to have high momentum in the initial state, which arose 
due to its close proximity and interaction with another nucleon. The model 
parameterises the observed QD cross section, (tqo, in term s of the free deuteron 
cross section, thus:-
N Z
(tqd (E^) =  L —^ a -F o iE ^ )  ( 1 .1)
where ^  represents the number of pn  pairs in the nucleus, and L is the Levinger 
constant. This is effectively the relative probability tha t the pn pair are near each 
other in a nucleus and in a free deuteron. The original quoted value of L is 6.4 
for photons of energies ~150 MeV. However the model fails to take into account 
factors such as final state interactions, (FSI) and Pauli blocking and so various 
values of L have been quoted by subsequent authors, whilst trying to make 
better fits to data for different nuclei. Levinger later proposed a modification [6], 
to include Pauli blocking.
A much more sophisticated treatm ent was developed by Gottfried [7]. He 
showed th a t, making some basic assumptions, the photoproduction cross section 
for pn  pairs could be factorised as:-
d<T =  j ^ F { P ) S f i d % d %  ( 1.2)
where ki and k2 represent the momenta of the pn  pair. F [P )  is the probability 
of finding tha t pn  pair with to tal momentum P , at zero separation, and can
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be derived from the long range properties of the shell model wavefunction. The 
factor Sfi is a transition probability m atrix and includes the effects of short range 
interactions. W hen the pn  pair are much closer than  their average separation, the 
mean field wavefunctions are modified by the nucleon-nucleon repulsion described 
by the so called short range correlations (SRC). Making certain assumptions, one 
can replace this factor by the real deuteron photodisintegration transition prob­
ability and get back to the basic QD Model. These models were used for some 
considerable time until more recent work began to question the validity of the 
assumptions, which allowed the cross section to be factorised in this way. This 
has been discussed in detail by Ryckebusch et uZ, [8]. Their calculations showed 
tha t at low photon energies, below the A resonance region, the assumption that 
tha t the initial pn  pair has ’zero’ separation, i.e. small compared to the average 
nucleon separation, when the photon is absorbed by it was inaccurate. Also they 
found tha t absorption on T =  1 pairs is not negligible, as previously assumed. 
These lead to deviations from the factorised model. However, as the photon 
energy approaches the A resonance region, the pn  pairs behave more like quasi- 
deuterons, and a factorised model is justifiable. This is helpful as unfactorised 
calculations are numerically very complicated. In their more recent calculations 
the effects of different meson exchange currents were examined, these effects not 
being included in the earlier models. The seagull, pion-in-flight and delta terms 
are now included, as well as some FSI. The effects of FSI are to reduce the mag­
nitude of the calculated cross sections, whilst not affecting the shape of angular 
distributions. More recent developments include the addition of heavier meson 
exchange [9], as this work suggests th a t the angular distribution of the em itted 
pn pair is sensitive to the type of meson exchange current. This has been recently 
been confirmed experimentally [10].
We now turn  our attention to experimental techniques.
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1 .1 .3  P h o to n  T agging E xp erim en ts
Early photonuclear experiments using real photons were unable to reconstruct 
fuUy the kinematics of such reactions because they were unable to measure the en­
ergies of incident photons. Intense single energy (mono-energetic) photon beams 
were not available but various techniques have now been developed in order to 
measure the energy of individual photons, by so-called ’photon tagging’. There 
are three main photon tagging techniques used, and they are now discussed sep­
arately.
• Positron Annihilation:- e"'' +  e“ —> 7 +  7
W hen an electron and a positron meet they can mutually annihilate, pro­
ducing a pair of photons. Firstly, a weak beam of positrons is produced by 
passing a beam of electrons through a high Z radiator. These positrons are 
produced via the bremsstrahlung process and are then momentum analysed 
to determine their energy. The positron beam is then passed through a low 
Z radiator in which annihilation takes place with atomic electrons produc­
ing a pair of photons. These photons have equal energies in the centre of 
mass frame. However in the lab frame one photon generally has a higher 
energy than the other. The high energy photon is used to induce reactions 
in the experimental target and it is tagged by detecting the low energy 
photon in coincidence. The angle of the low energy photon is measured and 
from it, the energy of the high energy partner can be determined.
• Laser Backscattering:- e~ +  7 e“ ' -f 7 '
Laser backscattering is also known as inverse Compton scattering. In this 
process a photon is scattered by a high energy electron, which gives energy 
to the photon. Experimentally a laser is used to produce low energy photons 
which are then collided with a beam  of high energy electrons. The scattered
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photons appear in a direction close to th a t of the electron beam. The 
detection of the recoil electron, in coincidence with a reaction product allows 
the photon energy to be determined.
• Bremsstrahlung:- e“ —» e“ ' +  7
In the bremsstrahlung process an electron is decelerated or ’braked’, in the 
Coulomb field of an atom, producing a photon. As the nucleus is much 
more massive than both the photon and the electron, it receives virtually 
no energy in this process. This means th a t the photon energy wiU be sim­
ply the difference between the incident and residual energy of the electron. 
Experimentally a beam of high energy electrons is passed through a thin 
radiator producing an intense beam of photons, which are em itted in a for­
ward peaked cone. The residual electrons are momentum analysed in order 
to determine their energy, and are detected in coincidence with reaction 
products. This allows the energy of the photon to be deduced.
The present experiment was carried out using the tagged bremsstrahlung tech­
nique at the Institu t fiir Kernphysik, in the Johannes-Gutenberg Universitat in 
Mainz, Germany. This is discussed in detail in Chapter 2.
1 .1 .4  R ev iew  o f  P rev iou s (7 ,2 N ) E x p er im en ts
Early (7 ,2N) experiments [11, 12, 13, 14] used untagged bremsstrahlung tech­
niques. This method did not provide an accurate determination of the photon 
energy and also had to make assumptions about excitations of the residual nu­
cleus.
Another m ethod, which was not used for ('y,pn) experiments, was the bremsstrahlung 
difference technique which was used to obtain cross sections as a function of pho­
ton energy. The experiment was performed twice, at 2 slightly different electron
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beam energies, and the results from the lower beam energy were subtracted from 
the results from the higher beam  energy. Most of the resultant yield was due 
to photons between the two beam  energies. However, the two bremsstrahlung 
spectra have slightly different shapes which can lead to a small tail of low energy 
photons being left over, producing large systematic errors.
However, brem sstrahlung difference techniques aside, the early untagged ex­
periments strongly confirmed the emission of pn  pairs. They also showed that 
the average opening angle of the pn  pair in the centre of mass frame was similar 
to tha t for deuterons in elements such as '^He, ®Li, and Also, the distri­
bution of these opening angles was wider than tha t for the Deuteron, and this 
was attributed to the initial motion of the pn pair in the nucleus.
These experiments were limited in their nature, and it wasn’t until photon tag­
ging facilities were developed tha t more comprehensive experimental work could 
be undertaken. In parallel with these developments, large solid angle detectors 
were built, which allowed the (^,2N) reactions to be studied in detail. The full de­
term ination of the reaction kinematics also allowed the excitation of the residual 
nucleus to be measured for the first time. The Glasgow group and its collab­
orators began to undertake (7 ,2N) experiments [15, 16, 17], using a number of 
targets, ^He, ®Li, and These experiments were made with photon ener­
gies between 80-157 MeV using a plastic scintillator hodoscope to detect charged 
particles, and an array of time-of-hight detectors to detect the associated nucleon. 
This system had a missing energy resolution of ~7M eV, sufficient to resolve the 
shells from which the nucleons were emitted. The most extensive investigation 
into the (7 ,pn) reaction was made on The results showed th a t much of the 
strength lay at low excitations of the residual nucleus, i.e. missing energies ~ 20- 
40 MeV, where both nucleons were knocked out of the Ip shell. At sHghtly higher 
missing energies, ~40-70 MeV, the data also supported the QD like model, with.
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in this case, one nucleon coming from the Ip shell and the other from the la 
shell. The data [17] showed some small tails on their distributions, and this was 
attributed to the effects of FSI.
In the middle of the 1980’s the MAMI facility at Mainz was upgraded [18] to 
provide an electron beam of energies up to 855 MeV. This and the construction 
of a new generation of detector systems allowed (7 ,2N) experiments to be con­
ducted at photon energies up to and through the A resonance region. Again the 
Glasgow-Edinburgh-Tiibingen-Mainz collaboration conducted a series of experi­
ments in this region [3, 4, 5]. Over the extended photon range 100-400 MeV, the 
results from the low missing energy region again confirmed the 2N knockout model 
with emission from the Ip shell. At medium missing energies the results showed 
knockout of Ip ls  pairs, with some contribution from FSI. However, at missing 
energies between 20-40 MeV, one complementary study [19], estim ated the trans­
mission of neutrons in and found an average transmission of ~0.8±0.08. This 
was interpreted as an indication tha t FSI have a small effect. In the higher miss­
ing energy region, 70 M eV+, studies [20] showed that emission takes place via 
more complicated steps including contributions from three-nucleon absorption 
processes, initial quasi-free pion (QF tt) processes and final state scattering. A 
study of the angular distribution of the (7 ,pn) reactions [10], showed that at low 
missing energies and photon energies around 140 MeV, the (7 ,pn) distribution is 
strongly peaked around 80°. This was interpreted as evidence of heavy meson 
exchange between the pn  pair.
1 .1 .5  In trod u ction  to  L inearly P o larised  P h o to n s
As previously stated, in the general field of nuclear physics, polarisation variables 
and their phenomena have been found to be very helpful in differentiating be­
tween different reaction mechanisms. In the last few years theoretical groups have
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started to tu rn  their attentions towards polarised photons. Theoretical calcula­
tions showed tha t such experiments may provide im portant information on the 
form of the short range correlations between the pn  pair and should be relatively 
insensitive to the effects of FSI.
The development of coherent bremsstrahlung and polarised laser backscat- 
tering sources has allowed high degrees of linear polarisations to be achieved. 
Recently a number of experiments [21, 22, 23, 24, 25], were conducted using 
polarised photons on light nuclei, (^H, ^H, ^He and ®Li). These showed strong 
azimuthal asymmetries in the reaction cross sections, and are reviewed in more 
detail in section 1.3.2.
Theoretical calculations [26, 27], showed a strong sensitivity of the asymm etry 
of the ®^0 ( ^ ,p n )  reaction to the type of correlation function between the em itted 
pn pair. At Mainz, development work [28], led to the installation of an accurate 
and reproducible polarised photon source. In the light of these advances it was 
decided to conduct an experiment to measure the asymm etry of the ^^ C (^ ,p n ) 
reaction. The ^^C(7 ,pn) reaction is now reasonably well understood but previous 
experiments using polarised photon sources had only been conducted on lighter 
nuclei. It is to the field of polarised photon experiments tha t we now tu rn  our 
attention.
1.2 P rod u ction  o f Linearly Polarised  P h oton s
1.2 .1  E arly W ork
Interference effects seen in high energy bremsstrahlung, produced by crystals, 
were first noted in the 1930’s, [29]. However it took almost 20 years before work 
by Ferretti [30] produced a formula which predicted intensity as a function of 
photon energy, as well as predicting maxima and minima in th a t intensity, as a
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function of crystal orientation. The first approach to calculate intensity changes 
in a modified Bethe-Heitler (BH) spectrum due to interference effects, was made 
in the Born approximation, and was published by Uberall in 1955 [31]. He pre­
sented a formula which allowed the calculation of intensity changes in BH spectra 
due to interference effects, but this had a smooth energy dependence and is shown 
in figure (1.2). Here the prim ary electron energy is 1 GeV. His later work [32, 33] 
showed tha t a photon beam from a crystal has a strong linear polarisation for 
certain directions. Experim ental work by Bologna et.al. [34] showed spectra with 
a number of sharp peaks which they explained as arising from the discrete struc­
ture of the reciprocal lattice in the crystal. A plot of one such spectrum  is shown 
in figure (1.3). Here an electron beam of 2 GeV energy is producing interference 
effects in a diamond crystal. The solid line represents their theoretical prediction. 
Further experimental studies [35, 36, 37], produced spectra from silicon and di­
amond crystals, and also showed tha t collimation of the photon beam results in 
a much reduced incoherent (unpolarised) background, with no appreciable effect 
on the intensity of the coherent (polarised) part, thereby increasing the degree 
of linear polarisation. More recently, the development of modern accelerator 
technology and photon tagging techniques has at last allowed experiments fully 
exploiting the polarised properties of coherent brem sstrahlung to advance.
1.2 .2  F eatures o f  C oherent B rem sstra h lu n g
An authoritative treatm ent of coherent bremsstrahlung was published by Timm 
in 1969 [38], in which he listed the following properties of interference radiation:-
1 Interference in bremsstrahlung is only produced for high prim ary electron 
beam energies.
2 The radiation is directed strongly forward, in a narrow cone.
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Figure 1.2: Calculated B H  Intensity Spectrum from a Ou Crystal at 1 G eV Elec­
tron Energy. Compared to the BH  spectrum, the intensity is strongly enhanced, 
particularly for small orientation angles 0 .  Taken from reference [31].
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Figure 1.3: Experimental and Theoretical Photon Spectrum from a Diamond Crys­
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3 The radiation is composed of 2 parts, a coherent part and a incoherent 
part. The incoherent background is due to lattice vibrations. The coherent 
part is an enhancement over the incoherent background, which increases 
strongly with electron energy.
4 This enhancement shows strong peaks and reflects the crystal lattice struc­
ture of the radiator.
5 The radiation in the intensity peaks has a high linear polarisation, which 
depends on the orientation of the crystal with respect to the electron beam.
6 The coherent fraction of the spectrum can be increased by applying tight 
colhmation.
Interference effects arise from diffractive processes. In these processes, if the 
energy of the incident particle is high, then they are characterised by a small 
longitudinal momentum transfer ç/, to a third body, which may be a nucleus or a
crystal. If the energy is high enough then qi may be small compared to  where
a is the average atomic spacing in the crystal i.e.
#  &<Cl  (1.3)
Here, the natural system of units are used, [h = c = m  = 1). So, according to 
the uncertainty relation, this implies tha t the effective dimension of the region 
involved in the diffractive process, ûg// become very large
Ojef f  — CL (1.4)
so tha t it comprises an effective number of atoms, Ng//:-
^  (1.5)
and therefore diffractive processes become a significant effect.
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1.2.3 K in em atics  o f  B rem sstrah lu ng
The process of bremsstrahlung is described by the following relations:-
e +  TV ^  e +  A^  +  7  (1.6)
P o  =  q + P  + k (1.7)
Eq = E  k (1.8)
where e, e' and j  denote the initial electron, the final electron and the photon 
whose momenta and energies are given by P o ,  p, k, and E q, and k respectively. 
Now, as well as equation (1.3), there are two further conditions for constructive 
interference. Firstly there is the periodicity of the crystal lattice and secondly 
there is the condition that the crystal lattice is properly orientated to the primary 
electron momentum, p o -  The orientation of p o  is defined by the polar angle 0  and 
azimuthal angle a with respect to the system of crystal lattice axes e^. Diamond 
is used as the crystal in the present experiment and has a cubic structure. So
the lattice axes are [100], [010] and [001]. W ith 0  =  0 we have a rotational
symmetry around axis . This rotational symmetry makes it natural to split the 
recoil nucleus momentum q, into its longtitudinal and transverse components, 
[38], q/ and q ,^ where
qi = Po — P cosQe — k cosQk (1.9)
and
gf =  p^0g -f- k^&l 4- 2pkQe^k cos^  (1.10)
Where 0g, 0A;, and Ÿ are defined in figure (1.4). A minimum value of q^  is ob­
tained for a forward emission of both electron and proton, i.e. when 0 c =  0 fc =  =  0 .
f ' "  = p o - p - k  = 8 (1.11)
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Figure 1.4: Momentum Relations for Bremsstrahlung
If we introduce the relative photon energy, x, such that
k
X =
Er
( 1. 12)
then it can be shown, [38], again for the natural system of units, tha t the recoil 
momentum q transferred to the nucleus, lies in a thin region of q-space and is 
given by:-
6 <  g, <% 26 (1.13)
(1.14)2x
where 8 is the minimum longtitudinal recoil momentum and can be shown [38] 
to be given by:-
8 =
1
(1.15)
2Eq 1 — X
equations 1.13 and 1.14 now define the so-called ’pancake’ condition, where qi is 
small and lies in a restricted region whereas qt is much larger. This was first noted 
by Uberall, [31], who named it the ’pancake’ condition after its thin disc shaped
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form. This pancake is almost perpendicular to the momentum of the incident 
electron.
1.2.4 Polarised  P h o to n  P rod u ction
If a diamond crystal is used as a radiator then the direction of the momentum 
transfer can be non-isotropic due to the structure of the crystal. This results 
in polarised photons. For maximum polarisation only one set of crystal planes 
(represented by one reciprocal lattice vector), should contribute. This can be 
arranged by orientating the crystal so th a t only one reciprocal lattice vector lies 
in the ’pancake region’. For the present experiment this was arranged, [28], for 
the [022] reciprocal lattice vector. Figure (1.5) demonstrates the setup for E.y = 
340 MeV. The top 3 diagrams illustrate how the pancake moves as the photon 
energy increases from just before, through, and just past the discontinuity, Aij, of 
the [022] reciprocal lattice vector. One can follow the arrows down through the 
diagram to the middle 2 plots showing calculations of the relative intensity and 
polarisation. The arrows then progress to the bottom  3 plots showing calculated 
2-dimensional intensity distributions as a function of photon energy. As the 
pancake approaches from the left its unsharp edge begins to encroach upon the 
[022] reciprocal lattice vector. The beam now gradually becomes more and more 
polarised. This gradual increase in polarisation is due to the fact th a t the upper 
value of q is not sharp. As a point where k = kd the value of polarisation, P , 
reaches a maximum. Above k =  k^ there is a sudden fall in the intensity and the 
value of P. This is because the lower value of q, unHke the upper value, is sharply 
defined. In practice this fall is not completely sharp due to the finite divergence 
of the incident electron beam and multiple scattering of electrons in the crystal.
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Figure 1.5 Polarised Photon Production
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1.2.5 C rystal A lign m ent
In order to produce linearly polarised photons the diamond crystal must be care­
fully aligned so that the reciprocal lattice vector favourable for the production 
of linearly polarised photons at a chosen photon energy is selected. Figure (1.6) 
shows how the crystal angles are defined. Û and a  are the polar and azimuthal
b2
Crysta l  axis  [010]
Diamond
53
Crysta l  axis [001]
51
Figure 1.6: Goniometer Angles
angles of the primary electron momentum po, in the bi =  [100], b2 =  [010] and 
ba =  [001] reference frame, (p is the azimuth of the reciprocal lattice vectors, g =  
[022] and [044], responsible for the production of coherent bremsstrahlung in the
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same reference frame. ^  is the angle between the plane of maximum polarisation 
and the vertical direction V . When /5 =  zero we define the plane of polarisation 
to be in the perpendicular (Perp) direction, when /3 =  7r /2  we define the plane 
of polarisation to be in the parallel (Para) direction. Previous studies [28], have 
shown that the high degrees of hnear polarisation due to the [022] reciprocal la t­
tice vector can be produced from diamond crystals. Contributions due to higher 
order reciprocal lattice vectors are also produced but their degree of polarisa­
tion is much reduced relative to the [022] vector. This is shown in figure (1.7) 
which shows a relative intensity spectrum, calculated using a code developed in 
Gottingen [39], using a diamond radiator. Relative intensity is defined thus:-
t [0221
3 .0
2 .5C/)
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Figure 1.7: Calculated Intensity Spectrum from a Diamond Crystal. The peaks 
due to the [022] and [044] Reciprocal lattice vectors are shown.
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I r e ,  =  (1.16)
^incoh
where Icoh is the intensity due to the coherent contributions and /,„co/» is the 
intensity due to the incoherent contributions. The main peak at ~220 MeV is 
mainly due to the [022] reciprocal lattice vector, while the next peak at ~350 
MeV is mainly due to the [044] reciprocal lattice vector. Changing the direction 
of the polarisation by rotating the crystal allows us to measure the reaction cross 
sections for polarisations, parallel and perpendicular to the reaction plane, [28]. 
In the present experiment the diamond crystal was mounted in an accurately 
controlled goniometer which allows careful alignment. This apparatus is described 
fuUy in the next Chapter, and the method of alignment is discussed in Chapter 
3.
1.3 Polarised  P h oton  T heory and E xperim ents
1.3.1 R ev iew  o f  P h o to n  A sy m m e tr y  T h eory
The purpose of the present experiment is to measure the asymm etry of the 
^^C("^,pn) reaction. The azimuthal variation of cross section for polarised photon 
reactions is given by:-
<T =  (To{l +  PEco520) (1.17)
where ao is the unpolarised cross-section, P is the fractional polarisation of the 
photon beam, S is the reaction asymmetry and <f> is the azimuthal angle. Now, 
if (j|| (cTj^ ) denote the reaction cross section when the plane of maximum photon 
polarisation is parallel (perpendicular) to the reaction plane, and if we assume 
the value of polarisation in each direction is the same. (i.e. P y =  P i .) .  Then:-
CT\\ = (To{l -f P  S )  (1.18)
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and
o-± = CTo(l -  P S )  (1.19)
This then gives us a method of extracting the asymmetry, S:-
"  =  ?
Therefore, to measure the reaction asymmetry, we need to measure the reaction 
cross-sections for both directions of polarisation. It also follows tha t cr^ , the 
unpolarised cross section is given by:-
o’o = 2 (^ 11 + -^l) (1-21)
1.3.2 P rev ious E xp er im en ts  w ith  Polarised  P h o to n s
Most previous measurements of photon asymmetry have been made on very light 
nuclei. Measurements of the ^ H (^ ,p )n  and ^ H e(^ ,p n ) reactions were carried out
by the LEGS collaboration, [24, 21]. The ^H ('^ ,p )n  experiment was conducted
at photon energies of 191 and 222 MeV and measured the photon asymm etry as 
a function of proton angle. Figure (1.8) shows the result at = 222 MeV. The 
asymmetry is strongly negative, reaching -  0.275 at a proton angle of ~105° in 
the centre of mass frame, falling towards zero at extreme angles.
The ^He("^,pn) measurement was carried out between 235 and 305 MeV. It 
again showed strong negative asymmetries and was consistent with th a t of the 
deuteron photodisintegration they measured. The data were well described by a 
calculation based on a 2N absorption mechanism on a pn pair.
Measurements of the ^ H (^ ,p n ) , '^H e(^,pn) and ® Li(^,pn) reactions were 
made at the Yerevan Physics Institu te [25, 23]. These were carried out at photon 
energies between 300 MeV and 1 GeV. Unfortunately these measurements were 
made with a restricted kinematical range and also a very poor energy resolu­
tion of More im portantly all missing energies were included which makes
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Figure 1.8: Deuterium Angular Asymmetry as Measured by LEGS
interpretation difficult because many processes contribute. These are shown in 
figure (1.9). As can be seen all of these data show the same distinct characteris­
tic shape. Starting at ~300 MeV the measured asymmetries fall to a maximum 
negative value, then rise, crossing zero between 500 and 600 MeV. They then 
reach a maximum positive value at ~750 MeV, after which they fall very slightly. 
The similarity of the shape of the distributions may indicate some similarity be­
tween the mechanisms of real deuteron and quasideuteron photodisintegration. 
However, the magnitudes of the asymmetry appear to change for heavier nuclei. 
Also the energy at which the asymmetries cross zero is lower for heavier nuclei. 
The *He data are clearly ’shifted upwards’ compared to data, and the ®Li also
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Figure 1.9: Asymmetries for Light Nuclei Measured at Yerevan
appears to be shifted up as well, although there are few data points in this set.
Because of the poor energy resolution in the Yerevan measurements, no a t­
tem pt was made to measure the asymmetry in different missing energy regions. 
Therefore the data for ^He and ®Li will include 2-step processes which occur at 
relatively high missing energies, in addition to direct 2N knockout processes.
1.3.3 T h eory  w ith  Polarised  P h o to n s
Calculations of photon asymmetry were made by BofH and Giusti, [40, 27] on the 
®^0 ( '7^,pn) reaction. These calculations investigated the sensitivity of the asym­
metry to different correlation functions of the pn pair. The calculations were
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made in the unfactorised approach and involved two trial Jastrow correlation 
functions, OMY and RSC. The OMY correlation function is based on hard-core 
NN interactions while the RSC correlation function is in the framework of calcula­
tions on nuclear m atter with a Reid soft core potential [27]. The OMY correlation 
function has a strong hard repulsive core which results in large effects at short 
range. The RSC correlation function has a larger effect at medium range. These 
two correlation functions predict asymmetries of different signs as shown in figure 
(1.10), which gives the asymmetry as a function of the angle of the em itted pro­
ton, for events in symmetric coplanar kinematics. This is where the two nucleons 
are em itted on opposite sides with respect to the photon beam, with equal energy 
and angle. These differences are due to the effects of one and two body nuclear 
currents. In the calculations both the two-body seagull and delta isobar currents 
have been included [40]. The left-hand frames, (a), are calculated using the OMY 
correlation function and the right-hand frames, (b), are RSC calculations. The 
dot-dashed hne is a result of the one-body current, the dashed Hne includes the 
seagull term  and the sohd line shows the result from a full calculation includ­
ing the A term . As can be seen the angular dependence is essentially flat. The 
conclusion was th a t there is a weak dependence on the initial momentum of the 
pn  pair. Therefore a measurement of photon asymmetry would be an im portant 
test of the nucleon-nucleon correlation functions. Figure (1.11) shows a plot of 
photon asym m etry as a function of photon energy. Again this calculation was 
made in co-planar symmetric kinematics. As can be seen, the two correlation 
functions predict similar asymmetries at ~80 MeV, where the asymm etry for 
both calculations is driven by the seagull term . However, as increases the two 
results diverge, with the asymmetry for the OMY correlation remaining positive 
whilst the calculation based on the RSC function goes negative. This shows tha t 
a measurement would be a firm test of the reaction mechanism. The calculations
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Figure 1,10: Calculated Angular Dependence of Asymmetry for the ^^'0(‘y,pn) 
reaction. Photon asymmetry S is shown versus the angle, 7 , of the emitted proton. 
The photon energy is 250 MeV. The dot-dashed line shows the contribution from  
the one body current, the dashed line includes the seagull term and the solid line 
is the full calculation.
[40], also show that FSI have only a small effect on the angles of the outgoing 
nucleons and should have a relatively small effect on the reaction asymmetry. 
Again an experimental measurement would test this prediction.
1.3 .4  R ecent T heoretica l D ev e lo p m en ts
The most recent theoretical advances have been made by the Gent group [41]. 
The models discussed in the last section are limited by the number of reaction 
mechanisms they include. They include only 2-body photoabsorption mechanisms 
and do not include the pion photoproduction channels, [41]. The Gent code
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Figure 1.11: Calculated Photon Dependence of Asymmetry for the ^^0('y,pn) Re­
action. The solid (dashed) line is obtained with the O M Y (RSC) correlation.
is unfactorised and includes a more complete treatm ent of the pion exchange 
currents. This model therefore represents the best currently available theory. 
The Gent group allowed use of their code for the present work.
The code allows various parameters to be selected and adjusted. Firstly the 
model accounts for the outgoing nucleon waves. Either distorted outgoing nucleon 
waves or a plane wave approximation can be selected. Next the orbit from which 
each nucleon escapes may be chosen. This can be either l s i /2, lp 3/2 or lp i /2- 
Figure (1.12) shows a plot of calculated asymmetry as a function of proton angle 
at 220 MeV. The calculation is summed over all proton energies and averaged 
over all neutron directions and energies. It shows the various contributions to
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asymmetry for the possible combinations of p-shell nucleons. The final choices
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Figure 1.12: P-shell Contributions to Asymmetry
allow the type of pion exchange current, the type of A term and the short range 
correlation function to be selected. Figure (1.13) shows the effect of changing 
some of these parameters, at = 220 MeV for the ( lp 3/2)“  ^ case. The green 
line shows the calculated asymmetry in a full distorted wave treatm ent, when 
including only the seagull pion exchange current. As can be seen this predicts 
a positive asymmetry. Next the magenta line shows the effect of including a 
pion-in-flight term (PIF), which is to change the sign of the asymmetry and 
also to change its magnitude considerably. The red line is a full distorted wave 
calculation including both pion exchange terms and a A term  which reduces the 
magnitude of the predicted asymmetry. Finally the blue line is a calculation in
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Figure 1.13: Different Theoretical Contributions
the plane wave approximation. Comparing the full distorted wave calculation 
with the plane wave approximation one can see tha t the asymmetry is hardly 
affected by the outgoing nucleon distortions.
This model was the one selected to compare with the measured experimental 
results, and its use is discussed in Chapter 5.
1.4 Scope and A im s o f P resent Work
The work presented in this thesis is the study of the asymmetry of the ^^C (^ ,pn) 
reaction, at photon energies in the A resonance region. The data collected have 
sufficient statistics to allow divisions into a number of photon energy bins. For
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each photon energy bin the dependence of the asymmetry on a range of kinematic 
variables including missing energy, recoil momentum and proton polar angles is 
investigated.
Comparisons are made between the measured results and the predictions of 
the Gent code. This allows some conclusions to be made regarding the competing 
microscopic reaction mechanisms, and the role of FSI. The results are also com­
pared with previous data measured on lighter nuclei, which may reveal im portant 
trends, such as how asymmetry changes with mass number.
The next C hapter describes the experimental apparatus used to conduct this 
experiment and C hapter 3 describes the process of calibrating the various parts 
of the experim ental system. Details of the methods used in analysing the data 
are described in the Chapter 4, and Chapter 5 discusses the results and their 
interpretations. C hapter 6 is a short conclusion.
Chapter 2
Experim ental Apparatus
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Introduction
This chapter describes the apparatus used in this experiment. The experiment 
described here was carried out at the Institu t fur Kernphysik at the Johannes- 
Gutenberg Universitat in Mainz, Germany using the Glasgow photon tagging 
spectrometer and the P iP /T O F  particle detector systems.
The electron beam generated by the Mainz microtron MAMI-B is used to 
produce linearly polarised photons. The electron beam strikes a diamond radiator 
mounted in a accurately oriented goniometer. The energies of the photons are 
then calculated by momentum analysis of their associated recoiling electrons in 
the tagging spectrometer. The photon beam is then collimated before it strikes 
a nuclear target. The reaction products are then detected by the P iP /T O F  
detector systems placed on opposite sides of the photon beam. PiP is a segmented 
scintillation detector used to detect charged particles such as protons and charged 
pions, and TOF is an array of plastic scintillators used to detect the associated 
particles and measure their energies by time-of-hight analysis. Particle selection 
separates charged and uncharged particles and also separates particles such as 
pions, dueterons and tritons. Particle selection is possible in TOF by using two 
half rings of thin scintillator detectors surrounding the target. The other half 
of the AE ring on the PiP side is used to make a start signal for the reaction. 
W hen useful events have been identified by the trigger electronics the on-line data 
aquisition system collects and stores the timing and charge information from the 
QDC’s and TD C’s connected to the detectors.
2.1 T he M ainz M icrotron (M A M I-B )
The Mainz microtron, MAMl-B, was developed [18] to satisfy the needs of re­
search groups working at Mainz for a continuous wave (c.w.) electron accelerator
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Microtron No. I II III
Input Energy MeV 3.5 14.4 179.8
O utput Energy MeV 14.4 179.8 855
No. of recirculations 18 51 90
Energy gain MeV 0.6 3.24 7.5
Table 2.1: Some parameters of MAMI-B
with energies up to 1 GeV. A duty cycle of almost 100% and a maximum beam 
intensity of 100/xA has been achieved although the maximum beam energy is only 
855 MeV.
The system itself consists of an electron injector followed by a cascade of three 
race track microtrons, each boosting the energy of the beam up to a maximum 
output energy for tha t stage, as given in Table 2.1. The injector itself is a 100 keV 
electron gun and a short LIN AC which raises the energy to 3.5 MeV and feeds 
the first microtron (stage I). Race track microtrons themselves, see figure (2.1), 
consist of a linear accelerating section (linac), with klystrons providing radio 
frequency power to the accelerating cavities via wave guides. Bending magnets 
then recirculate the beam through separate return pipes which is possible due 
to the increasing radial trajectory of the beam. Each circuit corresponds to 
an integer number of wavelengths of the accelerating field, thus allowing the 
electrons to rejoin the Hnac in phase with the field. This process then continues 
many times with only a slight increase in energy in each turn  thus reducing the 
relative power requirements required at each stage. After the maximum energy 
has been reached the beam is extracted and although it stiU has a radio frequency 
m icrostructure, the modulation frequency of 2.5 GHz is too high to be seen by 
the particle detectors and the beam can be considered to be continuous. A
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Figure 2.1: A racetrack microtron
continuous beam has the advantage of allowing a much higher rate of real to 
random coincidences than is possible using pulsed beams for the same average 
current.
Each stage then increases the beam energy up to 855 MeV, table (2.1). The 
extracted beam is then steered by dipoles and focussed by quadrupoles along tu n ­
nels into the experimental halls, figure (2.2), where it arrives with an em ittance 
of <0.04 m m .m rad. Low emittances are required for coherent photon beam pro­
duction and the Mainz Microtron provides one of the lowest currently available.
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Figure 2.2. Schematic diagram showing the Mainz Micvotvon
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2.2 P h oton  P roduction  and Tagging
2.2.1 T h e  G on iom eter
The electron beam provided by MAMI hits the diamond radiator, which is mounted 
inside a high resolution goniometer. This goniometer, figure (2.3) is equipped with 
three step motor drives which allow rotations about the horizontal H, vertical V 
and azim uthal A axes [28]. In addition two displacements ZT and XT are possible 
allowing the Goniometer to be accurately positioned in directions perpendicular 
to the beam fine.
I n t e r s e c t i o n  o f  
t h e  A x e s
T a r g e t  -  p l a n e
413.4 mm
□n
237.9 mm
Z T
X T
F R O N T  E L E V A T I O N S I D E  E L E V A T I O N
Figure 2.3: The Goniometer
A The Azimuthal axis. This axis lies approximately in a horizontal plane. It 
is exactly horizontal to the H-axis when its rotation is in its zero position. 
Rotation here is around an axis which is parallel to the electron beam when 
both the H and V axis rotations are in their zero positions.
H  The Horizontal axis. Rotation here is around a horizontal axis perpendicular 
to the vertical axis. H is also perpendicular to the electron beam when the
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vertical axis rotation is in its zero position.
V  The Vertical axis. Rotation here is around a vertical axis fixed in space and 
therefore perpendicular to the electron beam direction.
Z T  This allows linear vertical displacement of the entire apparatus, perpendic­
ular to the electron beam.
X T  This allows linear horizontal displacement of the entire apparatus, perpen­
dicular to the electron beam.
E le c tro n  b e am  For the side elevation, this is incident from the right.
The definition of the Goniometer angles is given in section 1.2.5 and is shown 
in figure (1.6). The radiators are mounted inside a ring, figure (2.4), which 
rotates and moves them  into position. The two types of radiator used in this 
experiment were Nickel, which produces incoherent bremsstrahlung and diamond, 
which produces coherent bremsstrahlung. The nickel radiator is 4 microns thick 
and the diamond 100 microns. The diamond crystal is in its zero position when 
the crystal axes [010], [001] and [100] coincide with the goniometer axes V, H and 
A being in their respective zero positions.
The choice of radiator required can be controlled from the experimental room 
and the ring can rotate along the A axis and can move along the XT axis, allowing 
the chosen radiator to be moved into position. These two operations allow any 
one of the five radiators to be placed in the electron beam, but only the central 
diamond radiator can have its spatial orientation finely adjusted. The degree and 
intensity of the linearly polarised photons produced depends on the three crystal 
angles a , 6 and (j) as discussed in Section 1.2. Before starting the experiment the 
crystal must be orientated such tha t the reciprocal lattice vectors most favourable 
to the production of linearly polarized photons are aligned with respect to the
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Figure 2.4: The Radiator Ring
electron beam line. This is done by moving the goniometer into position through 
known angles and is conducted from the experimental room. This process is 
discussed in the next chapter.
2.2 .2  T h e  P h o to n  Tagging S p ectrom eter
The photon tagging spectrometer is used to momentum analyse the recoiling elec­
trons which have produced bremsstrahlung photons in the radiator and therefore 
allows us to determine the energy of those photons. The energy of the injected 
electron beam is known to be 855MeV and therefore the photon energy is simply 
that energy less the energy of the recoiling electron. The tagging spectrometer, 
figure (2.5) was designed with the following considerations [42]. Firstly it has a 
large momentum acceptance, the ratio of Pmax to Pmm is approximately 16 to 1 
allowing it to tag photons in the energy range 40-790 MeV. Low photon energy 
sections of the tagger ladder may be switched off allowing it to run at a higher
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Figure 2.5: The Photon Tagging Spectrometer
overall counting rate as there are proportionally more lower energy photons. A 
single magnetic field setting is used to cover the entire momentum range and 
a nearly straight focal plane and good vertical focusing allow a simple overall 
design with a small pole gap. The residual electron acceptance is high, allowing 
> 95% percent of the radiated photons to be tagged. The magnetic field itself 
has a high homogeneity, < 0.5%, and this contributes to a good overall intrinsic 
energy resolution of ~  120 keV.
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2.2 .3  T h e  Focal P lan e  D e tec to r
The design of the focal plane detector called for a system which could both run at 
a high rate  and also measure the energy and timing information of each photon 
accurately enough for the purposes of experiments such as this one. The design 
chosen was an array of 353 overlapping plastic scintillators covering the whole 
length of the focal plane [43]. Each of the scintillators has its own photomultiplier 
tube (PM T), connected to a discriminator and a coincidence logic unit. The 
overlapping of these units allows us to define an event as a coincidence between 
two neighbouring channels, thus reducing the number of background events.
AU of these focal plane counts or ’h its’ are recorded by scalers. The scalers 
count every photon and therefore aUow the to tal photon flux to be known. These 
scalers are disabled while any event is being read out, and are switched on again 
once the system is ready for the next event. TDCs aUow timing information 
between focal plane hits and the P iP /T O F  detectors to be used to determine 
possible coincidences.
2 .2 .4  P h o to n  C ollim ation
Since the distance between the goniometer and the target is 7.5m coUimators 
must be used in order to ensure a smaU beam spot at the target. Two sets of 
collimators are used. The first consists of a removable set of lead collimators on 
the outside of the magnetic spectrometer, 250cm downstream from the radiator. 
The diam eter of these coUimators may be changed but for most of this experiment 
coUimators of 3mm diameter were used. A second set of lead coUimators was 
placed just before the experimental target and these were used to stop charged 
particles produced by the first set from reaching the AE detectors near to the 
beam. At the target the beam spot is estim ated to be ~  10mm in diameter.
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which results in an uncertainty of less than one degree in the trajectory of the 
em itted particles.
2 .2 .5  Tagging Efficiency
The collimators used help determine the beam size and improve the degree of 
polarisation but they also remove some photons whose corresponding electrons 
have already been tagged and counted by the scalers at the focal plane. Therefore 
a measure of this proportion, or tagging efficiency Cf, must be made. This is done 
during separate tagging efficiency runs using a lead glass detector placed directly 
in the photon beam to count the coincidences between photons passing through 
the collimators and electrons detected in the focal plane detector. The lead glass 
detector has a length of 30 radiation lengths and therefore detects almost 100 % 
of the photons entering it. The tagging efficiency is thus defined as:
lead glass — ladder coincidences 
* ladder counts
Tagging efficiency measurements were made periodically during the whole ex­
periment, both for polarised and unpolarised photons. These measurements were 
made at a very low electron beam current to allow the lead glass detector to count 
every photon. At these low count rates there were almost no random coincidences.
During normal experimental running a scintillator screen viewed by a high 
sensitivity TV camera is placed at the end of the photon beam line. This allows 
operators in the control room to view an image of the profile and position of the 
beam and therefore monitor any change in these parameters.
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2.3 T he E xp erim en ta l Targets
Two types of target were used during this experiment, graphite sheets and deuter- 
ated polythene (CD2). Both targets are 10cm square sheets, 2mm thick and were 
m ounted at an angle of ~30® to the photon beam line. CD2 is used in order to 
allow the detectors to be calibrated. The kinematics of the deuterium  breakup 
reaction are overdetermined allowing an energy calibration to be made.
The targets were mounted in a holder which in tu rn  was mounted on a re­
motely controlled target table. This enabled the targets to be moved up and 
down, into and out of the beam. The angle between the target and the beam 
could also be varied. This target angle is chosen so th a t the target can in ter­
cept all the photons. Previous measurements [10] have shown th a t a target angle 
of 30° gives a compromise between the extremes of large charged particle energy 
losses resulting in a large uncertainty in proton energy at 90°, and a loss of proton 
angular resolution from a large spot size at 0°. Energy losses in the target make 
a significant contribution to the overall resolution; a 50 MeV proton travelling 
through 2mm of carbon wiU suffer an energy loss of about 4 MeV.
2.4 T he P article  D etector  S ystem s
The PiP and TOE detector systems were originally designed to study (7 ,NN) 
and (7 ,7tN) reactions. W ith this in mind a number of requirements were needed. 
Firstly they had to have good particle discrimination, allowing various reaction 
products such as protons, neutrons, pions, douterons and electrons to be identified 
and clearly separated from each other. Secondly they had to have sufficient 
energy resolution to allow different nuclear shells to be distinguished. Thirdly a 
wide angular range and reasonable angular resolution were required. Finally the 
electronics should have a fast response allowing time of flight techniques and a
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high photon flux to be used. These requirements have been met and the various 
parts of the system are outlined in detail below.
The overall layout of the detector systems in the experimental haU is shown 
in plan form in figure (2.6). Figure (2.7) shows a 3D view of the same diagram. 
The beamline through the tagger can be seen and PiP is on the left of the beam 
line while the TOF stands can be seen to the right.
2 .4 .1  T h e D e lta  D etec to rs
The delta detectors consist of four separate detector systems surrounding the 
target, are shown in figure (2.8). These systems are separate on the PiP and 
TO F side of the experiment and provide two separate functions. The A and I- 
layers are on the PiP side of the experiment and the G and H layers are on the 
TO F side. The A-layer is known as the start detector. It consists of a half ring 
of seven thin plastic scintillators covering an angular range of 165 degrees. Its 
distance from the centre of the target is around 110mm and being tha t close, any 
coincidence of its signal with PiP should imply a charged particle coming from 
in or near the target. Such coincidences are used in a first level trigger for the 
experiment. The timing of signals in the start detectors determines the trigger 
timing and provides the start signal for aU the TDCs, hence the name.
The G layer on the TOF side consists of a ring of eight thin plastic scintilla­
tors covering an angular range of 190 degrees. These scintillators are used as a 
veto detector for the purposes of neutral particle identification. During the ex­
perim ental runs these veto detectors were not in the triggers, but during off-line 
analysis the veto is employed. If a particle makes a signal in the G layer it is 
classed as a charged particle. If a particle makes no signal in both the G and H 
layers then it is classed as a neutral. This process is fully explained in Chapter 
4. The I layer on the PiP side is used as a possible veto for the one TOF stand
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Figure 2.6: The Experimental Layout
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Figure 2.7: SD View of the Experimental Layout
placed on the PiP side of the experiment.
2.4.2 P iP
PiP is a large segmented charged particle detector [44] It consists of five separate 
scintillator layers laid side-on to each other, figure (2.9). These separate layers 
consist of firstly a AE layer, (B-layer), which consists of four vertical elements; 
then four E layers (the C, D, E and F-layers), each larger than the previous one. 
These consist of a series of horizontal elements, the dimensions of which are shown 
in table (2.2).
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Figure 2.8: The Delta detector rings
Each of the elements is made from the plastic scintillator NEllO. Each ele­
ment has a light guide and a photomultiplier tube attached with silicone rubber 
to each end, allowing ease of replacement. Each of these elements is highly pol­
ished in order to maximize light transmission and then wrapped in black card 
and tape to ensure they are light tight. The wrappings were made as thin as 
possible to minimize particle energy losses. Each of the elements in a block is 
then mounted in a stand and each stand is then mounted inside the frame of PiP, 
which keeps the whole structure rigid. The frame is surrounded in steel plates to 
provide shielding from background atomic electrons, a stable heat environment
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Figure 2.9: A schematic view of PiP
and additional strength. PiP itself also contains a secondary structure at the 
back containing all of its electronics.
2 .4 .3  T O F
TO F consists of an array of 108 separate time of flight detectors [45]. Each 
bar is a 3m long plastic scintillator made from NEllO and is 20cm wide and 
5cm thick. Each bar has a light guide and a photomultiplier tube attached to 
each end. The bars are each wrapped in aluminium foil and rubber in order 
to prevent light leaks. Eight bars are arranged on a stand, figure (2.10), and 
stands were mounted two together in order to increase the detection efficiency 
of neutrons. This arrangement makes it possible to position the stands where
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Layer no of elements Size LxDxH (cm)
B 4 200x0.2x42
C 4 100x11x13.5
D 4 130x17.5x17.5
E 5 160x17.5x17.5
F 6 190x17.5x17.5
Table 2.2: Dimensions of the PiP layer elements
required. The prim ary purpose of these detectors is to detect neutrons. These 
uncharged particles are detected by secondary processes such as proton knockout. 
This process is facilitated by the fact tha t plastic scintillator contains a high 
density of hydrogen atoms. The recoiled proton is then detected from the light 
produced as it slows down in the scintillator. The pulse height produced by the 
proton generally only gives a lower limit to the energy of the incident neutron 
and therefore th a t energy is found by time of flight measurement. For this reason 
long flight paths and thin bars are required for good energy resolution. We are 
able to discriminate between charged and uncharged particles by using the G and 
H-Layer veto detectors mounted close to the target, as previously described in 
Section 2.4.1
2 .4 .4  G ain  M on itor  S y stem
Each of the scintillators used in PiP and TO F are equipped with a gain monitor­
ing system consisting of light flashers. These are ultra bright light emitting diodes 
(LEDs), whose light output is monitored by tem perature stable PIN-diodes. The 
LEDs are of type Hewlett Packard HLMP-8104. Each LED feeds sixteen pho­
tomultiplier tubes simultaneously via plastic lightflbres connected directly onto
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Figure 2.10: A schematic view of a TOF stand
the lightguide at the end of a scintillator bar. In addition to monitoring gain 
stability this system was also used to calibrate the rise times of the leading edge 
discriminators used. This is discussed fully in the next chapter.
2.5 E lectronics and D ata  A cquisition
The on-line data acquisition system serves two purposes. Firstly it has to accept 
the required raw signals from the photomultiplier tubes, which contain both tim ­
ing and energy information, whilst rejecting information from events tha t are not
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required. This is achieved by way of trigger logic. Secondly it has to take the 
selected data and store it on disk or tape for later off-line analysis.
2 .5 .1  D etec to r  E lectron ics
The electronics attached to each detector [46] have to convert the raw signals from 
the photomultiplier tubes into digital information. For this purpose every PM T 
in PiP and TOF is provided with a QDC and a TDC. The energy information is 
contained in the form of charge which is digitised by charge-to-digital converters 
(QDCs). They do this by integrating over the pulse within a region which is 
set (or ’gated’) by the triggers. The types of QDCs used in this experiment 
were Phillips 10c2 units which are high density and contain 32 channels each. 
The timing information is processed by time-to-digital converters (TDCs). The 
raw signals are first passed through a leading edge discriminator which gives a 
logic pulse once tha t signal rises above a preset threshold. However the timing 
information is aU relative to the start time and this is provided by the start 
detectors. Once the first level trigger issues a start logic pulse all the TDCs 
are started  and then a signal anywhere else in the detector system will cause the 
relevant TDC to give a stop pulse thus providing the timing information required. 
A diagram of one of the PiP sub-circuits is shown in figure (2.11). Note this is 
for the PiP C-layer but all the other layers in PiP and to some extent TOF all 
follow this same basic pattern.
2 .5 .2  Trigger Logic
The trigger logic is employed in order to make decisions about which events to 
keep and which to disregard and under what conditions to apply these decisions. 
The trigger system is controlled by two Lecroy 4508 programmable logic units
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Figure 2.11: The PiP C-layer sub-circuit
(PLU ’s) which provide the trigger decoder. Each FLU can be supplied with 
up to eight logic inputs and can be programmed so that any combination of 
inputs will produce any combinations of desired outputs. These input and output 
combinations can be changed at any time.
These ’hardware triggers’ consist of three levels. A first level trigger using 
signals from PiP makes fast decisions, and rejects a large number of random 
events. This first level trigger also employs cosmic and flasher inputs as sub­
triggers for keeping calibration events. The second level trigger employs a circuit 
to reject background electrons and pions in PiP. Finally the third level trigger is 
then employed to make a final decision as whether to keep or reject events tha t 
have been so far selected. In addition to these hardware triggers a number of 
software options are employed which make use of combinations of the hardware 
triggers. These software options are varied according to the type of run being 
made.
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First level trigger
The first level trigger is employed to make a quick decision as whether to reject 
the event or whether to postpone tha t decision pending consideration of more 
detailed information. Listed below in table (2.3) are the inputs to and outputs 
from the PLU.
Input O utput
PiP particle PiP particle
TOF particle TOF particle
PiP Cosmics PiP start
PiP Flasher TOF start
TOF Flasher Tagger start
Reference To 2nd level
Tagg Efficiency Interrupt
Empty Reset
Table 2.3: First level trigger Options
It identifies particles in PiP, TO F, cosmic rays in PiP and flasher events in 
both PiP and TOF and also recognizes tagging efficiency events. Once trigger 
inputs have been accepted the PLU is then disabled to prevent any other events 
from being accepted. The output results are shown on the right. For events the 
relevant QDCs are gated, but if more than one trigger is present at the same time 
then th a t event will be rejected. Cosmic ray events are identified in the D, E and 
F layers of PiP by a coincidence between the top and bottom  blocks at the same 
time resulting from a cosmic ray particle passing vertically through PiP.
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S econd  level t r ig g e r
This trigger is employed in order to reject the large background of electrons 
generated by atomic processes at the target and within PiP. These events, which 
contribute the largest background component in PiP, can be rejected by making 
hardware cuts on summed analogue signals from A + C, B T  C and C +  D layers. 
These are equivalent to ’diagonal cuts’ on two-dimensional plots of A layer vs C 
layer, R layer vs C layer and C layer vs D layer amphtudes. The slope of such a 
cut can be altered by changing the attenuation of the linear signals summed in 
the circuit and by the magnitude of the cut by the discriminator threshold. The 
effect can be seen across the bottom  left hand corner of figure (2.12). Electrons
C -L ay er T h re sh o ld
P ro to n s
H ard w a re  D iagonal C ut
B -L ayer T h re sh o ld
C+D+E Total Pulse Amplitude
Figure 2.12: Electron Rejection
are found in this region due to the fact that they are easily stopped in PiP and 
in turn  deposit relatively little energy in both the B and the C, D and E-Layers.
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T hird Level Trigger
The Third level trigger is the final trigger and its role is to apply conditions which 
are firmer than the previous ones. Again below is listed its inputs and outputs 
in table (2.4).
Input Output
PiP from level 1 Interupt and store
TO F from level 1 Fast clear
From level 2
Pion
TO F OR
Tagger OR
PiP alone
Em pty
Table 2.4: Third level trigger Options
This level is essentially a trigger for each of the 3 particles from the tagger, 
PiP and TOF. The electron reject has now been made. The TO F OR has a 
requirement of a coincident hit in TO F and so reduces experimental dead time. 
The tagger OR requires at least one electron in the tagger. The pion trigger was 
not used in this present experiment. If the conditions are met then the event is 
stored and the system reset for the next event. If any condition is not met then 
the event is rejected and the whole system is ’fast cleared’ and reset. PiP alone 
does not require a hit in TO F, and may be used for certain requirements.
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Softw are O ptions
During this present experiment a to tal of 22 software option triggers were used. 
These are divided into types according to the requirement of the run being made 
and are loaded into the software before tha t run commences. Examples of the 
most commonly used triggers are hsted below.
Trigger A. This Trigger was used for and empty target runs. It is an EXCLUSIVE 
OR of the folio wing:-
(PiP level 1) AND (PiP level 2) AND ((TO F OR) OR (PiP alone)) AND 
(Tagger).
Trigger B. This trigger was used for the CD2 runs used for calibrating the detectors. 
It is an EXCLUSIVE OR of:- 
(P iP level 1) AND (PiP level 2) AND (Tagger).
Trigger C. This trigger was used for tagging efficiency runs and consists of:- 
(Lead glass detector) AND (Tagger).
Trigger H3. This trigger is called a combined trigger because it combines two types 
of reactions. Here we were looking for for (7 ,NN) events and the trigger 
consisted of the following:-
(PiP level 1) AND (PiP level 2) AND (TOF OR) AND (Tagger).
During the experiment many more of these triggers were used for purposes 
such as cosmic ray runs, pedestal runs which calibrate the QDCs, runs for cali­
brating discriminator thresholds and runs for pion selection only.
2 .5 .3  T h e D a ta  A cq u isition  S y stem
The data acquisition system, known as ACQU [47] controlled all the hardware 
used. It consists of an Eltec E7 computer equipped with a Motorola 68040 chip
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m ounted on a single board. The operating software used was 0S9. The trigger 
electronics were controlled by a VME bus system and the data were transferred 
via T C P /IP  ethernet connections. During experimental runs data acquisition 
was controlled from the experiment room outside the experimental hall using 
workstations. These ran the UNIX operating system and were finked to the E7 
via an ethernet. Initial data storage was made on a 4Gbyte hard disk and later 
transferred to 8mm data  cartridges. The on-line version of ACQU, w ritten in ’C’ 
allowed the display of many types of spectra. This enabled the on-line monitoring 
and control of the detector and other systems.
Chapter 3
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Introduction
Information on events from the ^^C ('^,pn) reaction channel comes from the de­
tector QDC’s and TD C’s as channel numbers and contents. Detector caHbrations 
are required in order th a t this raw data can be converted into physical quantities 
such as energies and angles. Some of these caHbrations can be done from data 
taken using the experimental target, whilst most of the caHbrations are made 
using data taken during specific caHbration runs. The techniques used in the 
caHbrations of each of the detector systems are outHned in this chapter.
3.1 T he G oniom eter
Before data taking could begin on this experiment it was necessary to caHbrate 
the goniometer so tha t Hnearly polarised photons were produced at the required 
energies. The goniometer is unique in the experimental apparatus as it is the only 
system which requires caHbrating completely before the experiment can begin.
As discussed previously the goniometer is equipped with three step motors 
th a t enable rotations around the horizontal H, vertical V and azimuthal A axes. 
Rotations around these axes are defined as rotations through three angles <pv 
and (f)A- This is shown in figure (1.6). Previous work [28] provided recommended 
orientations for the production of Hnearly polarised photons of a given energy. In 
order to select a required photon energy, the angles a , (jjy and (j)fj are selected 
from tables. CaHbrations are then made by firstly aHgning the goniometer axes to 
a setting which is close to the required values. This approximate setting is found 
from look-up tables. This approximate setting is then adjusted by measuring the 
photon spectrum shape, using the measured count rate of residual electrons in the 
tagger detector channels. This method is known as scanning. This is measured 
as a function of one of the goniometer angles. Figure 3.1 shows such a scan for
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the angle 0//. The main peak in the spectrum at low photon energies (around 
tagger channel 300), is due to the [0 2 2] reciprocal lattice vector. A scan is also 
done for the other goniometer angle ( / )y . Higher order reciprocal lattice vectors 
may also be seen. From these scans the zero of both angle scales is established 
and the the exact angles required to position the cut-off in the coherent spectrum 
are determined for each required photon energy. During the data taking runs the
C O M M O N  / P A W C /  i n  m e m o r y  A x i s  2  s c o n
5 0 0
4 0 0
200  -
2 0 5 . 5 0 0
100  -
Figure 3.1: A Goniometer Scan
position of the peak in tagger channel space is carefully monitored for any drift.
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3.2 P edesta ls and T hresholds
3 .2 .1  P ed esta l S ub traction
QDC’s are used to convert detected charge into a number which is proportional 
to the amount of hght deposited by an ionizing particle. QDC’s integrate charge 
over the set time of the gate but a problem arises due to the fact th a t even when 
there is no signal, there is still a constant DC current in the QDC. As the QDC 
integrates over the gated tim e it will register tha t current and give a small output. 
In order to correct for this calibration runs are made for both the PiP and TO P 
detectors during which these signals, or ’pedestals’, are read and recorded. This 
then allows the pedestal signal to be subtracted from all the QDC’s. For pulses 
which are detected, the true charge Qf is just the charge recorded, Q^ less the 
pedestal value P:
Q t  =  Q r  — P  (3.1)
3 .2 .2  D iscrim in ator T h resh olds
The leading edge discriminators used in the P iP /T O F  detector system define the 
limits of tha t system’s energy acceptance. Thresholds are set on these discrimina­
tors in order to stop electronic noise and any low energy background present from 
being accepted. These hardware thresholds must also be set low enough so as 
to accept events of interest. The thresholds values can be obtained from spectra 
of QDC’s collected with the condition tha t their associated TDC returns a value 
other than zero. A typical plot is shown in figure (3.2). Note this shows both 
the pedestal and the threshold values. These threshold values are also required 
in order to make discriminator walk corrections.
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P e d e s t a l  o n e  T n r e s h o i d  c h o n n e l s
ADC p u l s e  h e i g h  I ( c h a n n e l s )
Figure 3.2: Pedestal channel and discriminator threshold.
3.3 R eplacem ent Q D C ’s
Some events in PiP, particularly events occurring near one end of a scintillator 
block, can produce such large pulse heights tha t they overflow the QDC at that 
end. Normally these events would be lost, but it is possible to recover them by 
making an estimation of their pulse height and ’replacing’ the lost value [48]. 
This is achieved by using the fact tha t the ratio of charge in the QDC’s at the 
two ends of a block has a linear dependence on position. Therefore parameters 
can be calculated which allow the missing charge information to be estimated 
knowing the position of a hit and the charge at the other end of the block.
3.4 W alk C orrections
In both the PiP and TOP detector systems leading edge discriminators are used 
rather than constant fraction units. These have the advantages of both a cheaper 
price and also of having a higher channel density, but unfortunately they also 
exhibit a small pulse height dependence in the timing of the output pulse. How­
ever this ’walk’ can be corrected for. This effect is shown in figure (3.3). In these
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discriminators the timing depends on when the pulse reaches a preset level. As 
can be seen large pulses will reach tha t level before small ones even though they 
both arrived at the same time. To correct for this we use the following formula
[49].
t + r i l  -  J —  
a
(3.2)
Where Uq is the discriminator threshold, a is the pulse height amplitude, r is the 
time taken for for a pulse to go from 10% to 90% of its height, t is the measured 
output time and t is the corrected time. Different methods were employed to 
find the rise times for various parts of the detector systems and they are outlined 
in the following sections.
Pulse 1
Pulse 2
threshold ^
ti t Time
Figure 3.3: Discriminator walk
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3.5 The Start D etector
The start detector (A-layer), is a half ring of seven thin plastic scintillators placed 
close to the target on the PiP side. The main purpose of the start detector is to 
provide a timing signal at a fixed time relative to the reaction in the target. The 
timing of the A-layer signal however depends upon discriminator walk in the start 
detector, the flight time of a particle from the target and the alignment of the 
various sections of the A-layer. These are all included in the following corrections 
to the start time, Atstart'
Aigtart   Atfuallç T  A t  J  l{gfil A Atfihgyi (3.3)
this then allows the reaction time, ireactiom to he calculated:
l 'reaction — I s t ar t  (3.4)
The walk in the start detector can be corrected for by calculating the rise time 
for each element in the experimental trigger. This is done by making use of the 
tagger, which uses dual threshold discriminators. These types of discriminators 
have negligible walk. Having made a first order energy calibration (see Section 
3.7.5), protons are then selected in PiP and then a scatter plot is made of their 
pulse height vs one of the tagger TD C’s, which are all started by the A-layer 
detector. The TDC channel value depends upon the transit time of the photon 
from the radiator to the target and also on the time the residual electron takes 
to travel to the focal plane of the Tagger. These times can be assumed to be 
constant since those particles are relativistic. The term  Aijhght calculated using 
a first order energy calibration for protons, is included. The term  AtaUgn takes 
account of any misalignment in the timing of each A-layer element. To find these 
values one plots a single Tagger TDC for each element under the condition tha t 
it is the only element giving a signal. This allows all the offsets to be calculated.
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In order to estim ate the walk in each A-layer element, the rise times are adjusted 
until the plots show a ridge tha t is as straight as possible. Figure (3.4) shows the 
result before and after the start corrections have been made.
120 120
with walk 
c o r r e c t i o n
no  walk  
co rrec t io n
100 100
tr  80
6 0
4 0
20  -
4 0  4 5  5 0  5 5  4 0  4 5  5 0  5 5
T a g g e r TDC ( c h a n )  T a g g e r TDC ( c h a n )
Figure 3.4: A-Layer rise time corrections
3.6 T he Tagger
The purpose of the tagger is to measure the energy and timing of the residual 
electrons produced in the bremsstrahlung process. The energy of this residual 
electron is calculated from its hit position along the focal plane of the spectrom­
eter. The trajectory  of the electron is determined by the magnetic field inside 
the tagger and this was mapped with great accuracy using an NMR probe [42].
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Knowing the initial beam energy, Eo and measuring the energy of the residual 
electron Ee, allows the energy of the resultant photon E^ to be calculated. It is 
simply Eo - Eg. Figure (3.5) shows a tagger timing spectra. The sharp peak is 
due to a coincidence between an event in PiP and a residual electron in the focal 
plane of the tagger. The flat background is due to non-coincident electrons. This 
coincidence peak is made sharper by applying the walk corrections to the A-layer 
as previously described.
5 * 1 0 '
4 * 1 0 '
FW HM = 1.1 nS
o
0 * 10°
5 0 1 5 0100 200 2 5 0 3 0 0 3 5 0 4 0 0 4 5 0 5 0 0
TDC Channel
Figure 3.5: Tagger timing spectrum
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3.7 P iP
In the present experiment PiP is used to detect protons. The techniques used to 
calibrate this detector are outlined below in the following sub-sections.
3.7 .1  P o s it io n  C alibration
As described earlier, PiP is a large segmented hodoscope. Being constructed from 
long scintillator blocks it is therefore possible to derive position information from 
the time difference between signals from either end of a block. If the position is 
X then the time difference of the 2 TDC signals from a block is:
Oo*   /
T D C i -  T D C i = ---------  +  k (3.5)
V
W here 1 is the length of the block, v is the velocity of light along the block and 
A; is a sum of constant terms which represent the difference between the light 
propagation time, particle flight times and cable delays. So,
æ =  m { T D C i - T D C 2 )  -  C (3.6)
W ith m  and C  being calibration parameters.
In order to calibrate the position of each block in a layer one makes use of time 
difference spectra. Time difference spectra are accumulated for each layer (C-E) 
with the condition of a coinciding hit in the particular segment of B-layer. The 
individual spectra of the four B-layer segments are then superimposed together 
allowing the vertical joins in B-layer to be seen. These positions were accurately 
measured. Three calibration points are then obtained and these are then used to 
fit a line, the slope of which is the calibration param eter m  from above. Figure 
(3.6) shows a plot of time difference spectra for one of the blocks in C layer and 
figure (3.7) shows their intersection points plotted as a function of position. For
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B-layer the inverse of the above procedure is applied. The time difference spectra 
in this case show the joins in the C-layer blocks.
4 0 0
3 0 0
13
Q  200
100
2 5 0 3 0 0200 2 2 5 2 7 51 5 0 1 7 5100 1 2 5
T im e D ifference (Chans)
Figure 3.6: Position calibration
3 .7 .2  G ain  M atch in g  and M onitoring
In order to use PiP effectively each of the blocks in the individual layers should be 
matched so tha t their pulse height responses are the same. Each photomultiplier 
must also be checked to ensure tha t its gain does not change over time and if it 
does it must be corrected for. In order to do this the properties of both cosmic 
ray muons and the LED flashers were used[50].
Firstly the gains are matched. For each block within the individual layers this 
is done using cosmic muons. Calibration runs were made collecting cosmic data
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Figure 3.7; Position calibration
and these are used here. Cosmic muons are all travelling ultra-relativistically 
and they deposit a constant average amount of energy per unit thickness of plas­
tic scintillator. This provides a ready source of stable calibration data. PiP is 
equipped with a cosmic trigger which demands both a hit in the top and bottom  
blocks of each layer. These events were selected and the following further re­
quirements were also made to ensure the cosmics selected were travelling almost 
vertically. Using the time difference information a central region 20cm wide was 
defined in each layer vertically through all the blocks. Corrections were then 
made for the remaining variation in path lengths within that region and then 
spectra of the geometric mean of pulse heights was collected. Their spectra show 
a Landau distribution and fitting routines were then used to match the gains of
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the blocks both within each layer and between the C, D and E-layers.
Once the gains were matched their stability over time was monitored using the 
LED flashers. U ltra bright LED’s of 4 candela intensity are connected via plastic 
fibres to the two lightguides at the end of each scintillator. The hght output of 
these LED’s is checked by tem perature stable PIN Diodes. The stabiflty of the 
flashers has been well proven and therefore provides a stable source with which 
to monitor the gains of the PhotomultipHer tubes. The data for this experiment 
were collected over a period of three weeks and so th a t time base was divided 
into a num ber of periods. D ata taken over the periods were checked to see if 
there was any gain drift over time in the C, D and E layers. Overall it was found 
th a t all but two of the gains drifted by less than 2% with those two drifting by 
less than  4%. It was therefore decided tha t this gain drift was acceptable and no 
corrections were made.
3 .7 .3  R ise  T im es
The properties of the LED flashers can also be used to calculate the rise times of 
the leading edge discriminators used in PiP. The calibration param eters described 
previously were extracted [51], by making use of the fact tha t LED pulses are of 
a well defined shape and height.
3 .7 .4  D ro o p  A lign m en t
As light attenuates along a scintillator bar tha t attenuation is, to first order, 
exponential and defined thus:
Charge  oc L  (3.7)
where L is the light deposited, x  is the position along the bar and c is the 
attenuation length. However there is a residual droop in the geometric mean
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of pulse heights from the two ends of a bar and this may be calculated and 
corrected for by fitting a parabolic function. In order to measure the droop one 
can again make use of the segmented design of PiP. W ithin each layer the top 
and bottom  blocks were divided into ten equal regions using the time difference 
signals. Each region was then subdivided in half. Cosmic rays passing through 
the same region in the top and bottom  blocks in each layer were selected, again 
correcting for any angular deviation from the vertical. Pulse height spectra from 
cosmics for these 10 regions was then collected. Figure (3.8) shows a plot of mean 
pulse height vs position for a typical C-layer block to which a parabolic function 
is fitted. For B-layer a different technique was employed as cosmics could not be
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Figure 3.8: Droop Corrections 
used. Again ten different positions along the bars were selected from the time
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difference information, but here protons of a fixed energy (40-50 MeV) coming 
from the target were used. These were selected using pulse height signals in the 
following C-layer, Here a correction had to be made due to the effects of the 
different path  lengths of particles NOT stopping in B-layer. Again a parabolic 
function was fitted to obtain the droop parameters.
3 .7 .5  E n ergy  C alibrations
The energy calibration in PiP was done using the two-body breakup of deuterium, 
d ( ^ ,p n ) ,  using data collected with a CD2 target. The photon energy is measured 
in the tagger, the proton angle can be measured using the position calibration of 
PiP and there is no recoil nucleus. Hence the proton energy for each event can be 
calculated using the two body kinematics for the 7 d —> pn reaction. The purpose 
of the energy calibration is to obtain the conversion factor between the PM T 
output signals from PiP and particle energy. In the present experiment protons 
emerge from the target and travel through the air towards PiP. They then enter 
the scintillators, first passing through the wrappings surrounding them . AU this 
time they are losing energy and these energy losses must be accounted for. For 
any medium through which a particle passes the range, R, of tha t particle is given 
by [53]:-
R  = aE'‘ (3.8)
where a and k are parameters which depend on tha t medium. The energy lost by 
a proton passing through a medium is equal to the difference between its initial 
energy Ei and its final energy E2. Higher energy protons wiU have a greater range 
than low energy ones, so E 2 is related to Ei by:-
Eo = E* - (3.9)
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where AR is the thickness of material which produces an energy reduction from 
El to E2. These energy losses through various materials are tabulated in range 
tables and are calculated by the data analysis software. Once protons reach C- 
layer in PiP their calculated energy was plotted against their measured energy 
signal for all the protons which stop in tha t layer. This was repeated for protons 
which stop in the two layers behind, (D and E). This measured energy signal has 
been position matched, gain matched and droop corrected as described above. 
For the D and E layers, energy losses in the layers before them  have also been 
accounted for. For each of these layers the plots give the necessary calibration 
parameters and within each layer the gains of individual blocks may be fine tuned 
if required. Figure (3.9) is a plot of measured proton energy signal vs calculated 
proton energy for the C-layer. The ridge visible is due to protons from the two 
body breakup of deuterium and the background is due to carbon in the C D 2 
target.
3.8 TO F
In the present experiment TO F is used to detect neutrons. The techniques used 
to calibrate this detector are outlined below in the following sub-sections.
3.8 .1  P o sitio n  C alibration
The actual physical positions of each of the TO F bars was measured using an 
ultrasonic measuring device and those details were recorded in a calibration file. 
This allows the polar and azimuthal angular range of each bar to be determined. 
For the TO F bars themselves, the vertical position of a hit allows the azimuthal 
angle to be determined. This vertical position calibration is determined from 
spectra which record the time difference of a hit as measured by the two ends of
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Figure 3.9: Calculated vs Measured proton Energy
a bar. Figure (3.10) is such a plot for one of the TOF stands. The width of the 
distribution represents the length of a TOF bar.
3.8 .2  Gain M onitoring
The gains of the TOF bars were monitored in the same way as in PiP, tha t is 
by using the LED flashers. Here eight time periods were selected and the peak 
channel from the flasher was recorded for each bar. Over the total period it was 
found tha t all but two bars drifted by less than 3%. Of those two one drifted by 
4% and the other by 6%. As in PiP it was decided that no corrections for gain 
drift would be applied. The LED flashers were also used to obtain the rise times 
in TO F, using the same method as for PiP.
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Figure 3.10: TOF Position Calibration
3.8 .3  P u lse  H eight C alibrations
The energy information from TOF is taken from time of flight measurements but a 
pulse height calibration is necessary in order to determine the detection efficiency. 
It also serves to m atch the gains. Two calibration points were obtained for each 
bar, one using an AmBe source and the other from protons coming from the target 
in the experimental data. The decay of AmBe includes alpha absorption which 
produces ^^C in an excited state. This then decays to the ground state emitting 
a 4.4 MeV photon. The bars which make up the TOF stands are 5cm thick, 
which is the range of a 78 MeV proton. The energy loss of protons travelling 
perpendicular to a bar will rise to a maximum for 78 MeV protons and then fall
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off for higher energy protons which no longer stop in the bar. Spectra which show 
a geometric mean pulse height vs time of flight for each bar [52] were examined 
and the peak pulse height for protons was noted. These two data  points are 
extrapolated in order to provide the necessary calibration values.
3.8 .4  T im e  o f  F light C alibration
In TOF the energy of the detected neutrons is determined from time-of-flight 
measurements. These times are obtained from the mean time recorded by the 
TOF TD C ’s less the start time and a constant:
T im e  o f  F light  =  tmean ~  (tstart +  constant) (3.10)
where the igtart is defined in Section 3.5. The constant is the tim e accounted for 
by cable delays. If we could define a time which accounts for the start time and 
the constants this would give us give us the correct time-of-flight and this we do 
by calling this the time zero.
I'zero — I'start "F constant (3.11)
this is the mean TDC time tha t would be recorded if the TOF stands were placed 
at the target. In order to measure izero we use the many relativistic particles 
which are produced by atomic events in the target. These relativistic photons 
and electrons produce a so called ’gamma flash’ and this is seen in mean TDC 
spectra. An example is shown in figure (3.11). For each TO F bar the channel 
corresponding to the gamma flash is recorded and this time is then subtracted 
to give a true time-of-flight, once corrections have been made for the finite flight 
time of the relativistic particles. This then allows the kinetic energy, T , of the
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Figure 3.11: TOF time-of-flight spectra
detected particles to be obtained from the relativistic equation:
_ (  I
m -  1 (3.12)
where m  is the rest mass of the particle detected and v is just the distance flown 
divided by the time-of-flight.
3.9 D etecto r  Perform ance
Having completed the calibrations the next step is to compare the performance 
of the detector systems with estimates and previous measurements. As stated 
previously the two body breakup of deuterium was used as the overdetermined
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kinematics of th a t reaction allow a direct comparison between calculation and 
m easurement.
3 .9 .1  M iss in g  Energy
For photonuclear reactions such as this present one an im portant param eter is 
’missing energy’. This is defined as:
Em = — Tp — Tn — Trecoil (3.13)
W here E.y is the energy of the incident photon, Tp is the kinetic energy of the
em itted proton, T„ the kinetic energy of the neutron and TrecoU is the kinetic 
energy of the recoiling (A-2) nucleus. For Deuterium there is no residual nucleus 
and therefore:
Em = E^ — Tp — Tn = — {Md — Mp — Mn) = — Q (3.14)
W here M  is the masses of the residual particles and Q is the Q-value for the
reaction and is equal to -2.2 MeV. Figure (3.12) shows a plot of missing energy 
for CD2. The plots are for the two different orientations of polarisation and a 
difference is clearly visible. The sharp peak is at the expected missing energy 
of 2.2 MeV for deuterium events and is on a background of carbon and random 
events.
3.9 .2  P iP  E n ergy  and A ngular R eso lu tion
From missing energy spectra one can make software cuts on the deuterium  events. 
This much reduces the carbon background in the calculated vs measured energy 
plot for PiP, an example of this is shown in figure (3.13). This should be compared
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Figure 3.12: CD2 Missing Energy Spectra
with figure (3.9) in which no selection of deuterium events was made. These plots 
can also be used to calculate energy resolution by making the software cuts around 
them. This again selects the energy difference and from this the energy resolution 
can be measured. In the experiment the photon energy is measured by the tagger 
with a resolution of ~  2 MeV and the neutron polar angle is measured in TOF 
with a resolution less than 3°. Thus the proton energy and angular resolution 
can be calculated. This method is used because it gives a better resolution in the 
selection of Tp than by using Op. Figure (3.14) is a plot of the difference between 
measured and calculated energy for PiP. From this it is possible to measure 
the PiP energy resolution. The proton polar angle resolution Op is calculated 
by using a measurement of the neutron polar angle 0^ , which is known to the
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greatest accuracy and the photon energy. These calculations were made over a 
photon energy range of 40-400 MeV and the polar angular resolution was found 
to be 4°. This can also be checked by an estimate of the position resolution of 
C-layer and was found to be the same. The proton azimuthal angular resolution 
was calculated from the vertical position resolution in B-layer and was estimated 
to be ^  4.5°.
3.9 .3  T O F  E nergy and A ngular R eso lu tion
The energy resolution in TOF was obtained in a similar way to tha t for PiP 
by using the knowledge of neutron angle for each event to calculate the neutron 
energy. The energy difference between the measured and calculated neutron
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energies was plotted and an example is shown in figure (3.15). Again this was over 
the photon energy range 40-400 MeV. The polar angular resolution is determined 
by the size of the TO F bars. These individual bars are 20cm wide and are placed 
between 4m and 7m from the target. This gives a polar angular resolution of 
between 1.6° and 2.8°. The azimuthal angular resolution was estimated from the 
vertical position resolution of the bars and was estimated to be ~  1°.
3 .9 .4  O verall P erform ance
The calculated energy and angular resolutions above are not independent and 
are therefore do not give the intrinsic resolutions for the detector systems. For 
example in the deuterium  breakup reaction the most accurately measured val-
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ues are the neutron angle and photon energy and these values are then used to 
determine the kinematics for each event. These variables themselves include an 
associated uncertainty and therefore the angular and energy resolutions obtained 
are not the intrinsic values for the detectors. The effects of these uncertainties 
must therefore be unfolded in order to obtain the intrinsic resolutions. Table 
(3.1) is a summary of the performance of the detector systems and includes their 
intrinsic resolutions.
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Detector Particle Quantity Acceptance Resolution(FW HM)
Tagger 7 E , 40MeV—>400MeV 2MeV
E p 26MeV-^300MeV 4.5MeV
PIP proton Sp 51° 129° 4.0°
<I>P +23° -23° 4.5°
E„ >  17MeV 5.8MeV
TOF neutron Sp 10° 175° -2 .0 °
4^n 160 -  172° 192 -  200° -1 °
Combined E- ' - ' m i s s - 7.5MeV
Table 3.1: Summary of detector performance (intrinsic values)
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Introduction
This chapter outlines the techniques used in analysing the asymm etry of the 
^^C(”^ ,p n )  reaction. Firstly the particles required were selected. Next the de­
tector and tagging efficiencies were determined. Random and background events 
were subtracted and then the required kinematical selections were made. Once 
this was done it was possible to select on the appropriate regions of missing en­
ergy in the data. Next it is necessary to determine the beam polarisation and 
finally it was possible to determine the reaction cross sections and asymmetries. 
This chapter concludes with a discussion of the experimental uncertainties in this 
experiment.
4.1 P iP  P roton  Selection
In the present experiment PiP is used to select protons. The simplest method 
of selecting protons is to plot graphs of AE vs E. In these plots protons lie in 
a curved locus, an example of which is shown in figure (4.1). Proton selection 
requires a complicated and subjective cut, which could still include some particles 
which had suffered inelastic hadronic losses. The corrections for this effect were 
complicated and so a new method of selecting protons [54] was applied. This 
method involves determining the energy of protons and pions using two different 
techniques and the comparing the results. Firstly, assuming the particle is a 
proton, its energy is determined by examining the signal from the last detector 
layer in which the particle stops. The energy loss back to the target, including 
the previous PiP layers and the dead layers is then calculated using range tables. 
This gives an energy estimate value known as Ecaic- Secondly the light output 
for all the PiP layers through which the particle passed is converted into energy 
and added up. Corrections are again made for the dead layers. This gives the
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Figure 4.1: Proton identification and Selection 1.
second energy estimate known as E^eas- The process is then repeated assuming 
the particle was a pion. Now, particle identification is made by comparing the 
difference between these two quantities, for each particle type and defined
thus:
E,di f  f  .proton calc.proton -  E meas.proton
and
E,d i f  f .pion —  E r  a I rc lc.pion E.meas.pion
(4.1)
(4.2)
for protons, E j,/ y.profon will be close to zero but f.pion will be greater than zero. 
If the particle is a pion then Edijj.pion will be close to zero while Edij/.proton will 
then be greater than zero. For the case of particles which have undergone inelastic
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reactions then both of the quantities /.proton and Edi//.pton are not close to zero. 
Edi//, is calculated for each particle type and plots are made o f-E d i//  for a proton 
vs Edi// for a pion. Such a plot is shown in figure (4.2) for particles stopping in 
the C-layer of PiP. As can be seen there are three distinct regions visible. Protons
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Figure 4.2: Proton identification and Selection 2.
are centered around a region where where ~0 and pions where E^yy "^0.
The third region contains events which have undergone inelastic reactions in 
the scintillators. This then allows the unambiguous selection of protons for this 
present experiment. This method is precise and easily reproducible. As can be 
seen from figure (4.2) the size of the cuts may be varied but for this present work 
E d i / / . p r o t o n  was ~  0±7 MeV.
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4.2 T O F N eu tron  Selection
Neutrons are selected in TOF by using the properties of the G and H-layer delta 
detectors, which can be used to V eto’ particle types. These detectors are very 
thin in nature and so uncharged particles should pass through without making a 
signal in either layer. Particles are classed as uncharged if they make no signal 
in either the G or H layer while events are classed as charged if they produce at 
least one signal. Events which produce two or more particles in TOF may be 
selected, but were rejected in this present analysis.
Neutrons are further selected by making software cuts on TO F time-of-flight 
spectra as shown in figure (4.3). The ’gamma flash’ due to photons produced in
1 6 0
1 4 0  - G am m a flash
120
100
Prom pt even ts
tf)
§  8 0  
oÜ
6 0
4 0
Random
sam ple
Random
sam ple
20
0
200 4 0 0 6 0 0 1000
T D C
Figure 4.3: TOF Time-of-Flight Spectra
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atomic scattering near the target can be seen as a sharp peak. Some electrons also 
contribute to the gamma flash peak because they produce low pulse heights in the 
G and H-layer detectors and do not register a signal in the QDC’s. These events 
are then rejected by making cuts on individual TOF bar spectra. The minimum 
time-of-flight limit is kept quite tight so as to include high energy neutrons and 
the maximum time-of-flight limit is set at the point where the number of events 
does not exceed the random background. The accepted events are shown by the 
prompt event region in figure (4.3). Any random events getting through will be 
subtracted at a later stage.
Although the delta detectors are segmented in nature there is not necessarily a 
direct correlation between events in a G or H-layer element and a signal in a TOF 
bar directly behind as some scattering of particles may take place in the delta 
detectors. The TOF bars covered by the G and-H layer elements were determined 
by selecting individual TO F stands and examining spectra of G and H-layer hit 
patterns.
As previously discussed the TO F stands were arranged two deep in order to 
increase detection efficiency. Neutrons are detected via secondary reactions such 
as proton knockout and a Monte Carlo simulation [55] showed tha t a significant 
number of neutron events producing a proton which causes a signal in the front 
stand, then travel on to produce a signal in the stand behind. These events can 
be identified by tracking each uncharged event through TOF. If a hit in a bar 
in a front stand results in a hit in a bar either directly behind, or behind and 
one bar displaced to the left or right, then the hit in the rear bar is assumed to 
have come from a scattered particle. The timing information from such a hit is 
ignored but the pulse height information is kept in order to improve resolution 
and particle selection.
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4.3 D etector  Efficiencies
4.3 .1  Tagging Efficiency
Tagging efficiency gives a measure of the number of photons which have been 
removed by the coffimators. The method of measuring this efficiency was previ­
ously discussed in section 2.2.5. Separate tagging efficiency runs were made for 
the three photon energies at which this experiment was conducted. Figure (4.4) 
shows plots of tagging efficiency for those three energies (220, 270 & 280 MeV) 
together with a plot of an unpolarised run made using the nickel radiator which 
produces incoherent radiation. From the plots made using the diamond radia­
tor one can clearly see the coherent peaks and edges corresponding to polarised 
photons produced by the various reciprocal lattice vectors in the diamond crys­
tal. The main feature in each plot is due to the [0 2 2] reciprocal lattice vector. 
Coherent bremsstrahlung has a narrower angular distribution than incoherent 
bremsstrahlung resulting in a higher tagging efficiency in the polarised region. 
Outside the polarised region the slight rise in tagging efficiency with photon en­
ergy is due to the decreasing divergence of the incoherent photons. This results 
in less photons being removed by the collimators. These data sets were later used 
in the calculations of cross sections. For most of the tagging efficiency runs the 
data were collected whilst switching the polarisation direction between parallel 
and perpendicular. However some runs were made with this direction fixed in 
order to compare the tagging efficiency at these two orientations. Figure (4.5) 
shows a plot made from two such runs at 350 MeV. As can be seen there was no 
significant difference seen between the two orientations and so the same value of 
tagging efficiency was applied for both the parallel and perpendicular orientations 
and in the final analysis these values are applied on an event by event basis.
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4.3 .2  N eu tro n  Efficiency
Neutrons are detected in TOF via secondary processes such as proton knockout 
and other scattering reactions. A threshold of 9 MeV is applied and events pro­
ducing a pulse height above that level are accepted and analysed. The efficiency 
of the TOF detectors was determined using the Monte Carlo code STANTON 
[53] which models the interaction probabilities of incident and scattered neutrons. 
Figure (4.6) shows a plot of predicted neutron efficiency for neutrons incident on 
a single TOF bar. However as stated this code calculates efficiencies for a single 
TOF bar but in this present experiment the TOF bars were arranged on stands
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Figure 4.5: Tagging Efficiency for Para and Perp Orientations, = 350 M eV
two deep. Therefore the following corrections must be taken into account. Firstly 
a corrected efficiency, ej j^eutCorr, for the second layer is obtained from the efficiency 
of a single bar, enar, by the following relationship:-
^N eu tC orr  —  ^B ar  T ^6ar(l ^Bar') (4.3)
Secondly the code assumes tha t neutrons are incident perpendicular onto the 
TOF bars and so a correction of —h- must be made for the angle of incidence,sinO o  7
where 6 is the angle of incidence to the normal. Finally the fact tha t one stand is 
behind another means that the solid angle subtended by that detector is slightly 
less than the one in front. This is taken into account in the calculation of the
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cross sections.
4.4 D ead Bar C orrections
In the present experiment it was found tha t there were 4 bars in TOF which were 
faulty. Corrections were made to the yields from these bars in the calculations of 
cross sections. These corrections were made by making careful estimates of the 
missing yields, taking into consideration the yields found in adjacent bars.
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4.5 R an dom  Subtraction
Random events are defined as events in any of the detector systems which are 
caused by particles entering the detectors tha t are not correlated with other de­
tected particles, and therefore are distinguished as a flat background on TDC 
spectra. The m ajority of data from this present experiment required coinci­
dences between the tagger, PiP and TOF and this has the effect of reducing the 
background to a manageable rate. However random particles are detected and 
therefore these events must be be accounted for and subtracted from the final 
data. The m ethod used to deal with these randoms was to assign a statistical 
weight to each event. These weights can be either positive or negative depending 
on whether they are located in the prom pt or the random region of time spectra 
and in the final analysis the weight of each event is included, resulting in spectra 
which have a subtracted random background.
4.5 .1  Tagger R a n d o m s
Figure (4.7) shows a tagger timing spectrum containing the prom pt and three 
random  regions. The prompt region corresponds to events correlated with a 
photoreaction and this peak sits on top of a background of random events. These 
random events are subtracted by means of statistical weights. Events occurring 
in the prom pt region are assigned a weighted value of 1 while events occurring in 
the random regions are assigned a negative weight, determined by the
to tal w idth of the random regions:-
y ^ ta g g e r  _  ____________ —1.0 X  A T p r p m p t   /  .
random \ r p  J _ A T  J - A T *  V /
region!  i region2  i regionS
This weighting ensures tha t a correction is made for the random events.
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Figure 4.7: Tagger Prompt and Random Regions
4.5 .2  T O F  R an d om s
Random events are also present in TOF spectra and again prom pt and random 
regions are defined and these can be seen in Figure (4.3). In the TOF case the 
reverse of the tagger case is true and the random regions are smaller than the 
prompt region. The method of using weights corrects for this effect, but care 
has to be taken to map the energy range covered by the random region onto the 
energy range covered by the prompt region [56].
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4.6 Background Subtraction
A small fraction of events detected will not come from photoreactions within 
the target but from reactions taking place in nuclei in the air around the target 
traversed by the photon beam. In order to correct for this separate runs were 
made with the target taken out. These data were analysed in exactly the same 
way as the ’target in ’ data and spectra can be made. Figure (4.8) shows a missing 
energy plot from a target which includes a contribution from background, 
overlayed with a missing energy spectrum from a target out run which has been 
normalised in order to account for the different number of tagged photons. In this 
way the background can be subtracted in order to obtain corrected missing energy 
spectra. On average it was found tha t the contribution from the background 
amounted to ~3% of the yield although this did change slightly with proton 
polar angle.
4.7 K inem atical Selection
In order to compare data from the present experiment with data from previous 
experiments and also with theory for direct 2N emission it was necessary to 
select quasideuteron kinematics (QD kinematics). This is achieved by making 
selections in both the azimuthal and polar planes. In the azimuthal plane, or 
the (j) case, the restriction was made on the difference between the angle of the 
proton and the neutron, while in the polar plane, or the 9 case, the restriction 
was made on the difference between the angles of the jm  pair and the 9 angle of 
a quasideuteron pair. For the present experiment an angle of ±20° was chosen. 
Figure (4.9) shows the effect on missing energy spectra of making these selections. 
The choice of angle is a compromise between selecting the required kinematics 
and not reducing the experimental yield so far as to adversely effect the statistical
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Figure 4.8: Background Subtraction from Missing Energy Spectra
accuracy. The angle chosen reduced the yield by ~  40%.
As well as selecting QD kinematics it was decided to restrict the azimuthal 
angular range of the pn pair. Events in which the p-n plane makes a non-zero 
angle with the photon polarisation plane will reduce the measured asymmetry. 
It was decided to restrict the angular range to such tha t the effect on the value 
of asymmetry would be small. The effect of non-zero azimuthal angles is shown 
in Appendix A. The restriction was achieved by defining an effective azimuthal 
plane which is an average of the proton and neutron azimuthal angle. The range 
of this effective plane was restricted to ±13.5°. This range has the effect of further 
reducing the experimental yield by ~  7%.
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4.8 Selection  o f P h oton  E nergy R egions
The data for this experiment were taken with the maximum beam polarisation 
at three separate photon energies; 220, 270 & 350 MeV. However within each 
measured energy region there is a significant range in which linearly polarised 
photons are produced by the primary reciprocal lattice vector. Figure (4.10) 
shows a plot of polarisation vs photon energy. As can be seen from the plot, 
for each separate energy setup four photon energy regions of width 20 MeV were 
selected where the average polarisation was ~25% or more. Outside these regions 
the polarisation was judged too small to obtain accurate results.
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4.9 D eterm in ation  o f Polarisation
In order to make a calculation of the degree of linear polarisation obtained during 
the experiment a theoretical code, developed in Gottingen [39], was used. This 
code calculates the absolute and relative intensities of both incoherent and coher­
ent bremsstrahlung produced by crystal lattices. This is done via an analytical 
calculation which takes into account the distributions of the angle and position of 
the incident electrons. The code then generates bremsstrahlung scattering, tak­
ing into account multiple scattering within the lattice. It then generates photons 
and, having calculated the intensity of those photons, calculates the polarisation.
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The spectrum is a coherent sum of contributions from many reciprocal lattice 
vectors. All that is required to run the programme are the crystal angles a  and 9 
and these are the angles which were set on the goniometer during the experiment; 
along with details such as beam energy, divergence, tem perature and diamond 
thickness. Figure (4.11) shows the calculated polarisation for one such setting. 
Having calculated the degree of polarisation one can see how it compares with
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Figure 4.11: Calculated Polarisation
the polarisation achieved during the experiment. This can be calculated by us­
ing bremsstrahlung spectra obtained during tagging efficiency runs. Here both 
diamond and nickel radiators were used generating a coherent +  incoherent and 
incoherent spectra respectively. Relative intensities can be obtained by dividing
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one by the other and the result can be used to obtain a polarisation spectrum 
[28]. Figure (4.12) shows a plot of polarisations calculated by both the Gottingen 
code and the experimental data. The agreement is generally quite good. The
o E x p e rim e n ta l P o la risa tio n  
+ C a lc u la te d  P o la risa tio n
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Figure 4.12: Measured vs Calculated Polarisation
experimental data has an uncertainty of ~1.5%. The code may be improved by 
a better knowledge of such factors as the electron beam em ittance, collimation 
and multiple scattering and indeed such a code is being developed at this time 
[57]. Overall, taking into account the width of photon energy bins used (20 MeV) 
and the changing value of the polarisation within that bin it was decided that 
the calculation using the Gottingen code would be satisfactory.
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4.10 C alculation o f A sym m etries
As we have seen in Section 1.3.1, Asymmetry is defined thus:-
E =  - I f "  ~  (4.5)
P  d<7|| +  d(T±
Therefore in order to calculate the asymmetry one first needs to calculate both 
the reaction cross sections, d<r, for both the Para and Perp cases. These cross 
sections are proportional to the measured yield Y  per photon per unit solid angle 
corrected for random events and detector efficiencies. The yield is then related 
to cross section dcr, by the following equation:-
Y  — "^ target d(T (4.6)
Where U targe t  is the number of nuclei per unit area in the target intercepted by 
the beam, and is given by:-
n ta r g e t  =  ^ (4.7)
W ith N a being Avagadro’s number, p^ff  the target mass per unit area with the
target perpendicular to the photon beam and A  the atomic mass of the target. 
As previously discussed the target was positioned at an angle to the beam and 
therefore the target has an effective density given by:-
=  - £ 9  (4.8)
where 9 is the target angle and p is the measured density. Table (4.1) gives 
the relevant parameters for the targets used. This information now allows one to 
calculate an average double differential cross section. One last correction now has 
to be made for detector solid angles since the detectors used have only a finite 
coverage of both the polar and azimuthal angles. Once the solid angles have been 
calculated for both PiP and TO F the average double differential cross sections
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target A p[mglcm^) No of ^^Cnuclei[cm target angle
12C 12 664.8 3.336x10^2 30°
CDz 16 432.0 1.623x1022 30°
Table 4.1: Target Parameters
for the two directions of polarisation, Para (||) and Perp (T ), are defined thus:
(P a n  Yn
and
dDpdün Af2p 
d^a^ Xi
(cm / s r  ) (4.9)
(4.10)
d ü p d ü n  A üp  Afin
This measurement of cross section now allows one to calculate the asymmetry 
S. These cross sections were evaluated for both Para and Perp, for each of the 
four photon energy bins within the three setups, giving a to tal of 24 data sets. 
For each data set further cuts were made for three missing energy regions. These 
were made for the 20-40 MeV region, in which the nucleons are em itted from the 
(lp)2 shells, the 40-70 MeV region in which the nucleons come from a mixture 
of (Ip ls) shells and also for the missing energy region above 70 MeV. Altogether 
this gave 72 data points.
4.11 E xperim ental U ncerta in ties
This section outlines the statistical and systematic uncertainties in the experi­
ment. It wiU outline their measurement and/or estimation and their treatm ent.
The most basic form of statistical uncertainties arises from the fact tha t aU 
the data analysed for this present experiment is done so by way of histograming 
spectra. In the simple case of N  counts in a spectrum  bin the statistical error 
in that count is just y/~N. However the m atter is complicated by the fact that
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weights are used to correct for random events and also detector efficiencies are 
taken into account. For histograms containing weights, the to tal content of a 
spectrum  is not just the to tal number of events, but the to tal sum of aU the 
weights. These uncertainties are taken care of by dividing events into what is 
known as sub-events. This is done because random events result in multiple hits 
being made in the detector systems. All multiple hits in the detector systems can 
be separated into sub-events. The number of sub-events is simply the sum of the 
multiplicities of the PiP-TOF-Tagger detector system and for each sub-event a 
weight is calculated. The result is tha t for each bin in a histogram the sum of 
the weights in tha t bin is actually the sum of the weights of aU the sub-events. 
The uncertainty on tha t weight is the simply the square root of the sum of all 
the weights squared.
Systematic uncertainties arise mostly from uncertainties in the physical posi­
tions of the detector systems, uncertainties in the calibration procedures, uncer­
tainties in detector efficiencies and uncertainties in the calculation of the photon 
polarisation. These are outlined below.
D e te c to r  P o s itio n s . Uncertainties in the physical positions of the detectors 
effect the calculation of solid angles and result in an estim ated uncertainty 
of ~1%.
P ro to n  Efficiency. The uncertainties here arise in the rejection of inelastic 
events and are estim ated to be ~2.5%.
N e u tro n  Efficiency. The authors of the STANTON code, used to calculate 
neutron efficiency, estimate an uncertainty of ~5%.
T agg ing  Efficiency. Uncertainties here arise from errors in the value of the 
efficiency for each tagger channel and are estim ated to be ~1.5% per chan­
nel.
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T a rg e t D en sity . The Target was carefully weighed and measured and the 
angle made to the beam was accurately measured. Overall an uncertainty 
of ~1%  is estimated.
P o la r isa tio n . The calculation of the polarisation, P , itself leads to a small error 
however the finite size of the photon energy bins used, 20 MeV, results in 
an uncertainty in the value of the P  over the whole bin. The median value 
of P  was calculated and the uncertainty over tha t bin is estim ated to be 
-10% .
As this experiment is concerned with asymmetries, and these are derived by tak­
ing the ratios of cross sections, many of the above systematic uncertainties will 
cancel. The efficiencies mentioned above all cancel, leaving only the polarisation 
as a systematic uncertainty in the asymmetries. This leads to an overall sys­
tematic uncertainty in this measurement of —6% for the measured
cross sections and an overall systematic uncertainty of —10% in the calculation 
of asymmetries.
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Introduction
This chapter presents the results of the present experiment. Firstly
the photon energy binning will be explained, then the theoretical simulations 
used in comparison with the measured asymmetries will be outlined. The next 
section will present missing energy plots from these photon energy bins for both 
polarisation directions. From these, asymmetries for various missing energy cuts 
win be shown and compared to the theory. Next recoil momentum distributions, 
for the low and medium missing energy regions wiU be presented and compared 
to the theory, again asymmetries wiU be shown for these distributions. The next 
data to be presented is in the form of angular distributions and this is again 
compared to the theory. Differential cross sections will then be shown in the 
next section. The final section will compare the results from the experiment with 
previous work followed by a short summary.
5.1 P h oton  E nergy B ins
As previously discussed the three experimental setups each provided 4 photon en­
ergy bins of width 20 MeV, in which the average polarisation was —25% or more. 
Table (5.1) lists these bins, along with the average polarisation as calculated by 
the Gottingen code. W ithin each of these bins asymmetries have been calculated 
for 3 missing energy regions. As previously discussed these are 20-40 MeV, 40-70 
MeV and the region above 70 MeV.
5.2 T heoretical S im ulations o f A sym m etry
The experimental asymmetries presented in the present work are compared to 
theoretical calculations using a code developed by the Gent group [41]. As dis-
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Setup No. Photon Energy Bin Average Polarisation
1 150-170 MeV 0.31
170-190 MeV 0.46
190-210 MeV 0.59
210-230 MeV 0.62
2 200-220 MeV 0.29
220-240 MeV 0.40
240-260 MeV 0.51
260-280 MeV 0.57
3 280-300 MeV 0.25
300-320 MeV 0.33
320-340 MeV 0.40
340-360 MeV 0.47
Table 5.1: Photon Energy Binning
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cussed in Chapter 1 this code represents the most complete theory currently 
available. This is a fully unfactorized distorted wave calculation which imposes 
specific kinematical conditions. Firstly quasi-deuteron (QD) kinematics are im­
posed and secondly, in-plane kinematics are selected. As discussed in the last 
chapter, QD kinematics were selected for the data. Also restrictions and correc­
tions were made so tha t only events within ~13.5° of the horizontal plane were 
selected. The resulting measurements of asymmetry were all corrected by the 
method described in Appendix A in order to correct for variations within this az­
im uthal range. For low missing energies (20-40 MeV) the theoretical calculations 
were made for the ( lp 3/2)“  ^ case and for medium missing energies (40-70 MeV) 
the calculations were made for the combination of (Ip  and ls i /2)~^-
5.3 M issing Energies and A sym m etries
Missing energy plots provide information on the excitation energies of the residual 
A-2 system. A comparison of spectra obtained with the photon polarisation 
parallel and perpendicular to the reaction plane allows the reaction asymmetry 
to be determined within each photon energy region. Figures (5.1)-(5.12) show 
missing energy plots for the 12 photon energy bins, along with their associated 
statistical errors.
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Figure 5.1: Missing Energies for 150-170 M eV  Photon Energy Region.
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Figure 5.3: Missing Energies for 190-210 M eV  Photon Energy Region.
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Figure 5.4: Missing Energies for 210-230 M eV Photon Energy Region.
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Figure 5.5: Missing Energies for 200-220 M eV  Photon Energy Region.
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Figure 5.6: Missing Energies for 220-240 M eV  Photon Energy Region.
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Figure 5.7: Missing Energies for 240-260 M eV  Photon Energy Region.
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Figure 5.8: Missing Energies for 260-280 M eV Photon Energy Region.
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Figure 5.9: Missing Energies for 280-300 M eV  Photon Energy Region,
E. = 300-320 MeV
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Figure 5.10: Missing Energies fo r 300-320 M eV Photon Energy Region.
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Figure 5.11: Missing Energies for 320-340 M eV  Photon Energy Region.
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Figure 5.12: Missing Energies for 340-360 M eV  Photon Energy Region.
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The features of these plots correspond to those seen in previous studies of the 
^^C(7 ,pn) reaction [5]. In the first photon energy region one can clearly see a 
peak at Emiss ~28 MeV corresponding to the population of states around the 
ground state in the residual nucleus. As one goes up in photon energy this 
peak becomes noticeably less pronounced, and is not evident above ~300 MeV 
From the plots for both polarisation directions it is possible to observe the effects 
of the reaction asymmetry. Below 200 MeV one can see that the yield for the 
perpendicular direction is comparable to that for the parallel one. Above 200 
MeV photon energy, the perpendicular yield starts to get larger relative to the 
yield in the parallel direction. Making cuts on various photon energy regions one 
can plot these asymmetries as a function of photon energy, figures (5.13-5.16).
150 175 200 225 250 275 300 325 350
Photon Energy (MeV)
Figure 5.13: Asymmetries for the 20-40 M eV  Missing Energy Region.
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Figure 5.14: Asymmetries for the 40-70 M eV  Missing Energy Region.
In the low missing energy region, figure (5.13), one can clearly see a distinct 
trend in the reaction asymmetry. Starting from the lowest photon energy bin, the 
asymmetry is observed to be almost zero, if not slightly positive. It then appears 
to fall rapidly to a value ~-0.20 around 200 MeV. It is then observed to stay fairly 
constant with a slight rise at ~270 MeV. After this it appears to fall slightly and 
then stays fairly constant again. This observed behaviour will later be compared 
to previous results obtained from other studies. Previous studies, [5, 3] have 
shown that in this region pn emission is due to direct gamma absorption on pn 
pairs em itted from (Ip)^ orbitals. This variation in the reaction asymmetry can 
therefore be attributed to the changes in the microscopic mechanisms contributing 
to direct two nucleon emission, as the incident photon energy is varied.
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Figure 5.15: Asymmetries for the 70+ M eV  Missing Energy Region.
Figure (5.14) shows the asymmetry for the 40-70 MeV missing energy region. 
Here the magnitude of the asymmetry is reduced and does not appear to show 
the same rapid changes observed in the low missing energy region. However, 
there does appear to be a gradual fall in the asymmetry as the photon energy is 
increased. In this region the pn pair are assumed to have been em itted from a 
mixture of (Ip) and (Is) shells. Previous studies, [3] have shown that absorption 
on a (Is)^ pair is weak and its strength is widely spread. It is not possible to 
easily separate this absorption from the Is lp  strength and therefore no attem pt 
was made to do so. Again in this region emission is mainly due to direct gamma 
absorption on a pn pair, although some FSI contribute.
The data in figure (5.14) suggest that at low a different process is respon-
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Figure 5.16: Asymmetries for all Missing Energy Regions.
sible for the different behaviour of the photon asymmetry in this missing energy 
region. The only difference in this region is due to the contribution from nucleons 
in Is shells, together with a slight contribution from non-direct gamma absorp­
tion. One must conclude that these contributing processes are responsible for 
this difference.
Figure (5.15) shows the reaction asymmetry for the missing energy region 
above 70 MeV, the so-called high missing energy region. Here the picture is not 
so clear. There is indeed a measurable asymmetry and it can be seen to vary with 
photon energy. Above 175 MeV the measured value of the asymmetry seems to 
increase and then decrease. The 2N model cannot produce any strength in this 
missing energy region and pn emission is assumed to come from a combination
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of two and three-nucleon absorption processes, together with a large contribution 
from an initial QFtt process, [20]. An interesting observation to note is that at 
photon energies below the A resonance region the values of photon asymmetry 
are all closer to zero than in lower missing energy regions. However, around the 
A resonance region, the value of photon asymmetry begins to become much more 
negative.
Figure (5.16) shows the reaction asymmetry for all missing energy regions. 
This includes missing energy data from 10 MeV upwards and, as the highest value 
of missing energy changes with photon energy, has no set upper limit. Here, as 
in the medium missing energy case, no gross trend is apparent. However, despite 
contributions from many processes a distinct asymmetry is observed. Again one 
could argue that within the hmits of the data, there is a gradual fall in the value of 
the reaction asymmetry with increasing photon energy. The contributing reaction 
mechanisms here are complicated and, as previously discussed, involve an initial 
QF?r process.
An interesting point to note in these plots is that the data have an overlap of 
photon energies between setup 1 and 2. This can be seen in figure (5.13-5.16). 
The data points are well matched over this overlap, and this gives confidence in 
the calculation of P.
One can now compare the results obtained for the 20-40 MeV and the 40-70 
MeV missing energy regions with the theoretical predictions from the Gent code. 
Figure (5.17) shows such a comparison. In the top frame the results from the 
low missing energy region (20-40 MeV) are compared with the theory for a full 
distorted wave calculation for the ( lp 3/2)“  ^ case. The code predicts the behavior 
of the data at photon energies above 200 MeV quite well. It models the absolute 
magnitude of the measured asymmetry, within the error bars. However it fails 
to predict the sharp fall in the data between 150 and 200 MeV. Indeed, the
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Figure 5.17: Data vs Theory for Low and Med
values from the code rise slightly over this region. The second frame shows the 
experimental and theoretical values for the 40-70 MeV region. The calculation 
is for the Is lp  + Is^ case. Here the calculations have a similar magnitude to 
the lower missing energy region, but a flatter photon energy dependence. The 
data generally lie above the prediction. Hard scattering FSI are likely to slightly 
reduce the magnitude of the photon asymmetry, and the difference between the 
data and the prediction may be an indication of some FSI contributions in this 
missing energy region. This has been suggested by recent work [56, 58]. However, 
it is unlikely tha t FSI are responsible for more than a small reduction in photon 
asymmetry and this is therefore an indication that the theory is incomplete. 
These measured asymmetries are tabulated in tables (B.3-B.6).
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5.4 R ecoil M om en tum  and A sym m etries
Recoil momentum distributions allow us to examine the momentum distribution 
of the recoiling system. This shows us if the recoiling system is a spectator 
and also if the same absorption process is present throughout all values of recoil 
momentum. For 2N photon absorption, with no final state interactions, this recoil 
momentum has a magnitude equal to the momentum of the initial pair. Recoil 
momentum distributions were made using a well proven 2N photon absorption 
model [15]. This provides a check that the process is indeed 2N absorption. 
This model enables the effect of detector acceptances on the distribution of 2N 
momenta seen by the detectors to be obtained. The model assumes photon 
absorption takes place on a 2N pair, while the rest of the nucleus acts as a 
spectator. Harmonic oscillator wave functions are used to calculate the initial 
momentum of the 2N pair. In this model final state interactions are ignored, but 
as we have seen in Section 1.3.4 the Gent code predicts tha t distortion of the 
outgoing nucleon waves has little or no effect upon the reaction asymmetry. The 
2N model was compared to data from the 3 setups and is shown in figures (5.18- 
5.20). The model has been scaled in order to test the shape of the distributions, 
and show that the 2N model is valid. For each setup the calculation was performed 
for a photon energy range covering all the photon energy bins. This was then 
compared with data for a combined polarisation, (Para +  Perp), and then for 
each polarisation direction separately.
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Figure 5.18: Recoil M omentum in 2N Model, Em = 20-40 MeV, Setup No 1.
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Figure 5.19: Recoil M omentum in 2N Model, Em = 20-40 MeV, Setup No 2.
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Figure 5.20: Recoil M omentum in 2N  Model, Em = 20-40 MeV, Setup No 3.
Results and Discussion 126
As can be seen the model gives a reasonably good fit to the data, and there 
is no difference in the shape of the distribution for parallel and perpendicular 
kinematics. We might expect tha t the sum (Para +  Perp) would agree with 
the theory but it could be tha t the 2 separate directions do not. However in 
the present data we see no such disagreement. This comparison with the parallel, 
perpendicular and combined cases leads to the conclusion tha t photon absorption 
is indeed taking place on a correlated 2N pair, with final state effects having no 
appreciable effect for this low missing energy region. An analysis is also made 
of the asymmetries as a function of recoil momentum. This could provide an 
indication as to whether there is any dependence of S on P . It is at present 
uncertain from the theory whether there is any such dependence. It could also 
be the case tha t if 2N absorption is indeed the dominant process, with final state 
interactions having little or no effect, then one could expect tha t the reaction 
asymmetry would have a constant vcdue over the whole momentum range. This 
analysis was done by taking the low missing energy region, (20-40 MeV) and 
measuring the asymmetries of the recoil momentum distributions. These are 
shown in figures (5.21-5.23).
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Figure 5.21: Recoil Momenta Asymmetries, Em = 20-40 MeV, Setup No 1.
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Figure 5.22: Recoil Momenta Asymmetries, Em = 20-40 MeV, Setup No 2.
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Figure 5.23: Recoil Momenta Asymmetries, Em =  20-40 MeV, Setup No 3.
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Figure 5.24: Recoil Momenta Asymmetries, Em = 40-70 MeV.
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As can be seen these plots show that within the statistical errors the asym­
metries have a constant value for all but the the highest 4 photon energy regions. 
In all the figures an average straight line has been fitted to the data and i t ’s 
associated chi squared value is shown. In these highest 4 photon energy regions 
the asymmetries are constant up to the highest values of recoil momentum, where 
the asymmetry has a lower magnitude. These variations are only evident at the 
tails of the recoil momentum distributions where the yields are low, hence the 
larger error bars. Hard FSI might produce events with large recoil momenta and 
lower asymmetries. However in the present data all directions for a given P  are 
averaged over and therefore if there were a small dependence of S on P  it could 
well be averaged out. The conclusion is tha t for low missing energies, the same 
reaction mechanism could indeed be taking place for aU but the highest recoil 
momenta at the highest photon energies. No significant dependence of S on P  
is seen, although a small dependence could be smeared out. For medium miss­
ing energies (40-70 MeV), the recoil momentum asymmetries are shown in figure 
(5.24). Note tha t the data points extend to higher values of recoil m omentum. 
Here distributions are plotted for 3 photon energy regions, corresponding to the 
3 setups. As can be seen these distributions are again essentially flat except at 
very low and high values of recoil momentum, where the yields are again low. 
Again it seems tha t the same reaction mechanism is taking place up to the high­
est values of recoil momenta, producing these flat distributions. Again any small 
dependence of S on P  could be averaged out.
5.5 A ngular D istributions and A sym m etries
W ith the data is was possible to make angular sub-divisions. This was done by 
making cuts on the proton polar angle in PiP, Oprotom which covers an angular
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Angular Bin No. Angular Range (Lab Frame)
1 52°-71°
2 72°-91°
3 9 2 °-lll°
4 112°-130°
Table 5.2: Proton Angular Binning
range of 52° - 130°. Table (5.2) lists the four separate angular bins selected. 
These correspond to the polar angle coverage of the PiP B-layer elements.
The results from the Gent code give an asymmetry as a function of proton 
angle, in the centre of mass frame. The data in the lab frame were therefore 
converted to the centre of mass frame for comparison with the Gent predictions. 
This was done, using a well proven m ethod [59], taking into account the fact that 
the size of this change increases with photon energy. For example, between the 
lowest photon energy bin and the highest, the CM angle changes by just over 5 
degrees. Once the data are in the centre of mass frame it is possible to compare 
them  with the predictions of the Gent code. Calculations are available for the 
lp(3/2)~  ^ case and figures (5.25-5.27) show the comparison between theory and 
data. As can be seen, above photon energies of about 200 MeV the data fit the 
theory quite well. Both the magnitude and the shape of the angular distributions 
are well matched. However, below 200 MeV the theory begins to deviate in 
magnitude and shape from the data. As seen previously in figure (5.17) the Gent 
code predicts a lower magnitude for the asymmetry, below 200 MeV, than is 
seen in the data. Overall, the theory gives good predictions in the A-resonance 
region, but fails at lower photon energies. This lower E-y region is precisely where 
angular distribution studies [10] have shown that p meson exchange may have a
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Figure 5.25: Angular Data vs Theory for Setup 1
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Figure 5.26: Angular Data vs Theory for Setup 2
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Figure 5.27: Angular Data vs Theory for Setup 3
significant influence. The present calculations do not include such terms. The 
measured values of these asymmetries are tabulated in tables (B.7-B.9).
5.6 D ifferential Cross Sections
As part of the study of photon asymmetry the reaction cross sections for the 
12 photon energy regions have been measured for the low missing energy region 
(20-40 MeV), for both the Para and Perp directions and these are shown in 
figures (5.28-5.30). These cross sections are double differential and are subject 
to the various cuts in the data analysis as previously described in section 4.10.
Starting at the lowest photon energy region one can see tha t the cross section 
for Para is slightly bigger than the cross section for Perp and therefore this leads 
to a positive asymmetry. As we goes up in photon energy the Perp cross section 
gets larger than the Para one and so one can see the asymmetry goes through 
zero and decreases, until around 200 MeV, above which it stays fairly constant.
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Figure 5.28: Measured Cross Sections for Setup 1
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Figure 5.30: Measured Cross Sections for Setup 3
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This behavior is consistent with tha t already seen for the measured reaction 
asymmetry. These cross section values for both the Para and Perp directions of 
polarisation are tabulated in tables (B.10-B.12).
These measured cross sections can be compared to a previous study of the 
angular distribution of the ^^C(7 ,pn) reaction, [10]. This is done by calculating 
the average polarisation independent cross section. The data from the previous 
study agrees within errors with the present data.
5.7 C om parison W ith  P revious E xperim ents
It is informative to compare the asymmetries measured in the present experiment 
with results from previous work. As discussed in Chapter 1, aU of the previous 
work has been done on nuclei other than carbon, but the results reveal clear trends 
when comparisons are made. The first comparison made is with the deuterium 
cahbration data. The deuterium data from this present experiment cover a proton 
angular range of 70-110 degrees and covers aU missing energies. As can be clearly 
seen in figure (5.31) the deuterium data fits well when compared to the deuterium 
data  measured by the Daphne collaboration [60] and at Yerevan [25], which were 
both measured at 90 degrees in the centre of mass frame and averaged over 
aU missing energies. The comparison gives confidence in the accuracy of the 
calibrations and the data analysis method. Figures (5.32 and 5.33) show low 
missing energy data from this work compared to previous data. The data from 
Yerevan [25] was measured in QD kinematics at a proton angle of 90 degrees in 
the centre of mass frame. The present carbon data were also measured under QD 
kinematics but with a range of proton polar angle of 50-130 degrees. However 
the proton polar angle distribution is peaked at 90 degrees and, as can be seen 
in figures (5.25-5.27), the asymmetries are not strongly angle dependent. Both
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Figure 5.31: Comparison of Deuterium Asym m etry with previous experiments
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Figure 5.32: Comparison of Low Em Asymmetry for 2H and 12C with previous 
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the carbon data and the deuterium data used for the caHbrations are shown on 
the plot. The carbon asymmetry follows the same general trend in shape but 
has a smaller amphtude than the data from Hghter nuclei. If one looks at the 
lithium  data from Yerevan, although only 3 data points were measured, one sees 
th a t this also has a smaller amplitude than the lighter and '^He nuclei. One 
could conclude tha t even relatively heavy nuclei such as carbon have photon 
asymmetries which seem to follow the general trend of other nuclei. However 
the absolute magnitude of these asymmetries seems to be reduced in heavier 
nuclei. The data can be made clearer by rescaling this plot and this is done in 
figure (5.33). We can also compare data from medium missing energies with this 
previous data. This is done in figure (5.34) and again rescaled in figure (5.35). 
Again the carbon data appears to be following the general trend although, as we 
have seen, the magnitude of the measured asymmetries is reduced further in this 
missing energy region, compared to deuterium.
5.8 Sum m ary o f E xperim enta l R esu lts
The present experiment measured asymmetries in a to tal of 12 photon energy 
bins. The missing energy distributions measured compared well to previous stud­
ies using unpolarised photons. At low missing energies (20-40 MeV), the measured 
asymmetries showed a rapid reduction from ~0  to ~ -0 .2  from 150 to 200 MeV, 
followed by a slower fall to ~-0.25 at = 350 MeV. This is similar to the behav­
iour of hghter nuclei found in previous studies, but smaller in m agnitude than  the 
predictions of the Gent code. At medium missing energies (40-70 MeV) the rate 
of change of asymmetry with photon energies was less marked but still compared 
favorably with other data and theory. D ata from higher missing energies also 
show a distinct asymmetry.
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Figure 5.33: Further Comparison of Low Em Asym metry
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Figure 5.34: Comparison of Med Em Asymmetry for 2H and 12C with previous 
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Figure 5.35: Further Comparison of Med Em Asym metry
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Recoil momentum distributions showed the 2N knockout process to be the 
dominant reaction mechanism, for all but the highest values of recoil momenta. 
Final state interactions have little or no effect on the shape of these distributions 
except at these high values of recoil momenta, where hard FSI may be responsible 
for lower asymmetries. Separate data for the two directions of polarisation show 
no noticeable difference in shape.
Angular distributions of asymmetries show good agreement with the theoret­
ical predictions above ~200 MeV. Below this photon energy heavy meson ex­
change, in particular p-meson exchange may well have a significant influence, but 
these terms were not included in the present calculations. The calculations also 
show tha t the reaction asymmetry is not strongly affected by the distortion of 
the outgoing particle wave.
Differential cross sections have been presented as angular distributions for 
the 20-40 MeV missing energy region. These distributions reflect the reaction 
asymmetries and are comparable to angular distributions measured in previous 
unpolarised experiments on [10].
Comparisons have been made with data from previous experiments, and these 
show a very similar shape to asymmetries in lighter nuclei, but with a reduced 
magnitude. D ata from a range of light nuclei display values of asymm etry which 
are consistently lower in magnitude than those of deuterium.
Chapter 6
Conclusions and Outlook
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6.1 C onclusions
The work presented in this thesis is the first measurement of the asymmetry 
of the ^^C ('^,pn) reaction. The experiment was carried out at the Institu t fur 
Kernphysik, in the Johannes-Gutenberg Universitat in Mainz, Germany. The 
experimental apparatus has an overall missing energy resolution of 7.5 MeV. 
The experiment was conducted at photon energies between 150-360 MeV, and 
involved measuring the photon asymmetry in 3 different missing energy regions 
for 12 different photon energy bins. Photon asymmetries were also measured as a 
function of recoil momentum for the low (20-40 MeV) and medium (40-70 MeV) 
missing energy regions. At low missing energies, asymmetries were measured 
as a function of proton polar angle. The data were compared to theoretical 
predictions.
Systematic checks were made of the photon asymmetry of the Deuteron, and 
these confirmed the accuracy of the present analysis. The ^^C (^ ,p n ) data showed 
tha t at low missing energies, the magnitude of the photon asymm etry is negative, 
and decreases rapidly for photon energies up to 200 MeV. It then stays fairly 
constant before rising slightly at 270 MeV, and falling again. This behaviour is 
similar to tha t seen previously in other light nuclei, [25]. It suggests tha t the 
microscopic mechanisms contributing to 2N emission are similar in aU other fight 
nuclei, but change with photon energy. At medium missing energies a similar 
trend is apparent, although the magnitudes are reduced particularly for photon 
energies below 200 MeV. This would suggest tha t the contributing mechanisms do 
not change as dramatically as those at lower missing energies. At higher missing 
energies measurable asymmetries were observed. The theory developed by the 
Gent group describes the behaviour as a function of both E-y and 0p in the low 
missing energy region, both in shape and magnitude, for photon energies above
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200 MeV. Below this heavy meson exchange, not included in the theory, may 
be responsible for the difference between theory and experiment. Very recent 
theoretical calculations may also suggest tha t the role of the seaguU term  is 
enhanced in this photon energy region, leading to this discrepancy. For medium 
missing energies the Gent model overestimates the magnitude of the measured 
asymmetries, which may be due to hard scattering FSI which could reduce the 
magnitude of the photon asymmetry in this region.
An analysis of the photon asymmetry as a function of recoil momentum showed 
that for all but the highest values of recoil momenta at the highest photon ener­
gies, 2N absorption on a correlated pn  pair is Hkely to be the dominant process at 
low missing energies. In the medium missing energy region the data support the 
conclusion that 2N absorption is again dominant, except at the highest values of 
recoil momenta. In this case, deviations are seen in all photon energy regions. 
The data also showed no significant P dependence on S.
Photon asymmetries for low missing energy regions were measured as a func­
tion of proton polar angle, and compared to the predictions of the Gent code. 
For photon energies above 200 MeV the theory fits the data well, but below 200 
MeV the theory begins to overestimate the measured photon asymmetry. This 
again may suggest tha t p-meson exchange or an enhancement of the A term  may 
have an influence.
Comparisons with previous measurements on the deuteron and some other 
light nuclei show a similarity between quasideuteron and real deuteron photo­
disintegration. However, although the shapes are similar, the magnitudes are 
different.
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6.2 O utlook
In order to extend our understanding and develop this field further, a number 
of investigations may be carried out. Firstly the photon energy range could be 
widened. A study could be made at photon energies from as low as 30 MeV, in 
the giant resonance region, well below the A resonance region, where photons are 
mainly absorbed by electric dipole transitions. The study could be conducted at 
photon energies up to the ones examined here, in order to study the behaviour of 
the photon asymmetry in a region where the contributing microscopic processes 
appear to be changing. Any further work could also be conducted at photon 
energies above those examined here. Measuring the photon asymmetry at energies 
up to 1 GeV would allow a comparison with data previously obtained on fighter 
nuclei, in which the asymmetry was seen to change sign between 500-600 MeV, 
[25].
Any future experiment would also benefit from having a larger polar angle 
coverage. As seen, the asymmetry is predicted to be zero at proton polar angles 
of 0° and 180°, [41]. An experimental measurement would be an interesting test 
of this prediction.
The theoretical predictions could be improved by the inclusion of p-meson ex­
change which may give better predictions of asymmetry at photon energies below 
200 MeV. Improvements may also come from an better theoretical understanding 
of the role of the seagull term  in this region. The comparison between experiment 
and theory would also be improved by including the detector acceptances into 
the theoretical code. This would allow a direct comparison to be made for out of 
plane azimuthal angles.
In any further experiment the quality of the data could be enhanced by im­
proving its statistical accuracy. This could be achieved simply by increasing the
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amount of data taken, although this is an inefficient method. The detectors could 
be improved, although this is expensive financially.
In the general field itself, further investigations could also be carried out into 
similar reaction channels. Indeed, a study is now proceeding of the ^^C("^,pp) 
reaction, [48]. O ther possible reaction channels, such as those including pions, 
and the 3N channels are also likely to provide interesting results, and are being 
investigated [61].
A further study could also be conducted using other targets. Measurements 
of photon asymmetry made on a succession of heavier nuclei would show whether 
the similarities seen in this work, between different nuclei, are repeated for other 
nuclei.
A ppendix A
Non-Zero Azim uthal Angles
As discussed in section 4.7, non-zero azimuthal angles affect the value of measured 
asymmetries. In order to correct for this, the azimuthal angular range accepted 
by the detectors was restricted, and a correction was made for the finite value of 
tha t range. To see how this arises we start from a definition of cross-section:-
da =  dcTo(l +  PT,cos2(f)) (Tl.l)
where <To is the unpolarised cross-section, P is the fractional polarisation and (f) 
is the azimuthal angle. Now, if is the azimuthal angle in the parallel plane of 
polarisation and (j)± is the azimuthal angle in the perpendicular plane of polarisa­
tion, we assume that they are zero degrees and 7t/2 degrees respectively. Also, we 
assume the value of polarisation in each direction is the same. i.e. P y =  P j^ . 
This has been shown in section 4.3.1. Then we get:-
do-y =  d(To{l -f P  S) (A.2)
and
dcr± = dao{l +  P  E) (A.3)
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where a\\ and <j_l are the parallel and perpendicular cross-sections respectively. 
From equations A.2 and A.3 we therefore deduce that:-
s  =  I f I I  -  (A.4)
P  da\\ +  do-j_
where dcry and d<jj_ are the parallel and perpendicular cross-sections respectively. 
Now, if we allow for a finite range in the azimuthal angles for both para and perp 
cross-sections, i.e. da\\ goes from - to +  02 and dcry goes from |  - 0i to |  +  02- 
This gives us an average cross section, da, for each direction of polarisation:-
+  p  'Scos24>)d(j>
s X  ^
 —  (A-5)
on integrating this becomes:-
and similarity
* 1  -  *..<1 -  !  ‘‘f * ’) (A.7)
4 (02 +  0lj
this then gives us an expression for the asymmetry:-
g  ^  2(^1 +  1 ^< \^\ -  ■^ <^ 1
5m20i +  sin2(j)2 P  do-y +  dcrj_
This in effect gives us a correction factor, which the measured
value of S must be corrected by.
For example, if the fuU 0 range of PiP, at 46° was used, this would give us 
a correction factor of ~5% . For this present work, a 0 range of 29° was used 
leading to a correction of ~4% . AU the measured asymmetries in this work have 
been corrected by this factor.
A ppendix B
Tables of Experim ental R esults
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Setup No. Photon Energy Bin Asymmetry
1 150-170 MeV 0.046 ±  0.094
170-190 MeV -0.087 ±  0.054
190-210 MeV -0.197 ±  0.041
210-230 MeV -0.199 ±  0.037
2 200-220 MeV -0.201 ±  0.084
220-240 MeV -0.172 ±  0.059
240-260 MeV -0.197 ±  0.047
260-280 MeV -0.127 ±  0.041
3 280-300 MeV -0.148 ±  0.114
300-320 MeV -0.279 ±  0.103
320-340 MeV -0.262 ±  0.072
340-360 MeV -0.265 ±  0.081
Table B .l:  Asym metries fo r  Em = 20-40 M eV
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Setup No. Photon Energy Bin Asymmetry
1 150-170 MeV -0.332 ±  0.126
170-190 MeV -0.095 ±  0.064
190-210 MeV -0.140 ±  0.041
210-230 MeV -0.159 ±  0.036
2 200-220 MeV -0.153 ±  0.030
220-240 MeV -0.092 ±  0.083
240-260 MeV -0.056 ±  0.051
260-280 MeV -0.173 ±  0.040
3 280-300 MeV -0.101 ±  0.094
300-320 MeV -0.174 ±  0.076
320-340 MeV -0.269 ±  0.067
340-360 MeV -0.147 ±  0.063
Table B.2: Asymmetries fo r  Em = 40-70 M eV
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Setup No. Photon Energy Bin Asymmetry
1 150-170 MeV -0.049 ±  0.195
170-190 MeV -0.236 ±  0.089
190-210 MeV -0.111 ±  0.046
210-230 MeV -0.108 ±  0.037
2 200-220 MeV -0.033 ±  0.098
220-240 MeV -0.056 ±  0.059
240-260 MeV -0.097 ±  0.035
260-280 MeV -0.026 ±  0.027
3 280-300 MeV -0.219 ±  0.074
300-320 MeV -0.197 ±  0.053
320-340 MeV -0.216 ±  0.038
340-360 MeV -0.075 ±  0.034
Table B.3: Asymmetries fo r  Em = 70+ M eV
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Setup No. Photon Energy Bin Asymmetry
1 150-170 MeV -0.109 ±  0.079
170-190 MeV -0.131 ±  0.043
190-210 MeV -0.143 ±  0.028
210-230 MeV -0.148 ±  0.025
2 200-220 MeV -0.093 ±  0.055
220-240 MeV -0.076 ±  0.035
240-260 MeV -0.136 ±  0.026
260-280 MeV -0.081 ±  0.020
3 280-300 MeV -0.184 ±  0.055
300-320 MeV -0.201 ±  0.043
320-340 MeV -0.231 ±  0.035
340-360 MeV -0.100 ±  0.029
Table B.4: Asymmetries fo r  A LL Er
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Photon Energy Bin % Asymmetry
150-170 MeV 52°-71° -0.049 ±  0.249
72°-91° 0.242 ±  0.167
92°-lll° -0.013 ±  0.146
112°-130° -0.029 ±  0.238
170-190 MeV 52°-71° -0.136 ±  0.118
72°-91° -0.209 ±  0.104
92 °-lll° -0.009 ±  0.101
112°-130° -0.018 ±  0.121
190-210 MeV 52°-71° -0.264 ±  0.087
72°-91° -0.175 ±  0.069
9 2 °-lll° -0.172 ±  0.065
112°-130° -0.201 ±  0.091
210-230 MeV 52°-71° -0.160 ±  0.070
72°-91° -0.192 ±  0.057
92 °-lll° -0.198 ±  0.065
112°-130° -0.259 ±  0.080
Table B.5: Angular Asymmetries fo r  setup 1
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Photon Energy Bin % Asymmetry
200-220 MeV 52°-71° -0.185 ±  0.165
72°-91° -0.207 ±  0.159
9 2 °-lll° -0.093 ±  0.154
112°-130° -0.433 ±  0.216
220-240 MeV 52°-71° -0.048 ±  0.104
72°-91° -0.278 ±  0.108
9 2 °-lll° -0.247 ±  0.106
112°-130° 0.124 ±  0.209
240-260 MeV 52°-71° -0.123 ±  0.084
72°-91° -0.228 ±  0.079
92 °-lll° -0.255 ±  0.086
112°-130° -0.155 ±  0.127
260-280 MeV 52°-71° -0.123 ±  0.080
72°-91° -0.105 ±  0.069
9 2 °-lll° -0.181 ±  0.078
112°-130° -0.117 ±  0.137
Table B.6: Angular Asymmetries for setup 2
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Photon Energy Bin Qlab Asymmetry
280-300 MeV 52°-71° -0.171 ±  0.223
72°-91° -0.199 ±  0.200
9 2 °-lll° -0.119 ±  0.224
112°-130° 0.0 ±  0.225
300-320 MeV 52°-71° -0.678 ±  0.282
72°-91° -0.257 ±  0.157
9 2 °-lll° -0.064 ±  0.161
112°-130° 0.096 ±  0.227
320-340 MeV 52°-71° -0.374 ±  0.140
72°-91° -0.139 ±  0.122
9 2 °-lll° -0.236 ±  0.126
112°-130° -0.356 ±  0.190
340-360 MeV 52°-71° -0.131 ±  0.152
72°-91° -0.416 ±  0.143
9 2 °-lll° -0.202 ±  0.139
112°-130° -0.369 ±  0.198
Table B.7: Angular Asymmetries fo r  setup 3
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Photon Energy Bin ÇSlab^prot (fa\\/dPln Üp (pb/s-P) (fa±/dPlnQp (ph/s'P )
150-170 MeV 52°-71° 10.156 ± 1.269 9.867 ±  0.879
72°-91° 12.432 ± 0.809 14.325 ±  1.058
9 2 ° - l i r 11.460 ± 0.752 11.377 ±  0.734
112^-130° 8.375 ± 0.866 8.242 ±  0.867
170-190 MeV 52°-71° 9.418 ± 0.679 8.342 ±  0.679
72 -^91'^ 14.394 ± 0.875 11.939 ±  0.874
9 2 ° - l i r 11.079 ± 0.726 10.996 ±  0.727
112°-130° 9.398 ± 0.734 9.249 ±  0.734
190-210 MeV 52^ -71*^ 14.501 ± 0.870 10.734 ±  0.870
72‘’-91‘^ 17.244 ± 0.974 14.118 ±  0.779
9 2 ° -ll l° 15.419 ± 0.729 12.684 ±  0.730
112^-130° 12.051 ± 0.871 9.590 ±  0.727
210-230 MeV 5 2°-7r 15.119 ± 0.872 12.498 ±  0.775
72°-91° 19.609 ± 0.878 15.597 ±  0.779
9 2 ° - l i r 15.911 ± 0.814 12.563 ±  0.723
112°-130° 13.652 ± 1.017 10.035 ±  0.463
Table B.8: Angular cross sections for setup 1
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Photon Energy Bin Oilab^prot S(T\\/dPtn (pb/sf^) <Pa±/<Kl„Op (pb/sr^)
200-220 MeV 52°-7r 16.714 ± 0.972 14.959 ± 1.158
72°-91° 22.144 ± 1.359 19.718 ± 1.359
9 2 ° - l i r 16.012 ± 0.989 15.197 0.989
112°-130‘’ 14.363 ± 1.185 11.251 ± 1.036
220-240 MeV 52 °-7 r 15.937 ± 0.972 15.348 ± 0.874
72°-9r 20.980 ± 1.263 16.898 ± 0.971
92^ -^111° 16.013 ± 0.899 13.222 ± 0.809
112‘’-130° 10.124 ± 1.027 11.147 ± 1.467
240-260 MeV 52°-71° 14.571 ± 0.874 12.927 ± 0.778
72°-91° 20.783 db 1.068 16.602 ± 0.971
9 2 ° - l i r 16.189 ± 0.899 12.591 ± 0.809
112°-130° 10.421 ± 0.881 8.953 ± 0.881
260-280 MeV 52°-71° 16.226 ± 0.972 14.183 ± 0.971
72°-9F 20.589 ± 1.068 18.358 ± 1.068
92'^ -lir 16.995 ± 0.989 13.935 ± 0.899
112°-130° 8.508 ± 0.880 7.471 ± 0.879
Table B.9: Angular cross sections for setup 2
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Photon Energy Bin r\labprot (fo-\\/dPtnüp(ph/s'P) (fa± /dÜ n^p  (ph/s-P )
280-300 MeV 5 2 °-rr 14.959 ±  1.166 13.794 ±  1.107
72‘^ -9r 18.259 ±  1.262 16.603 ±  1.165
9 2 ° - i i r 12.999 ±  0.986 12.285 ±  0.986
112°-130° 10.139 ±  1.176 10.139 ±  1.176
300-320 MeV 52 °-7 r 14.183 ±  1.846 9.229 ±  0.874
72^ -91^ ^ 16.997 ±  1.166 14.473 ±  1.068
9 2 ° -ll l° 13.629 ±  0.986 13.092 ±  0.986
112^-130° 9.561 ±  1.029 10.154 ±  1.030
320-340 MeV 52 °-7 r 13.794 ±  0.971 10.296 ±  0.874
72°-91° 16.997 ±  1.166 15.242 ±  1.067
92‘’- l l F 13.899 ±  0.986 11.562 ±  0.807
112^-130° 10.287 ±  1.029 7.797 ±  0.883
340-360 MeV 52‘’- 7 r 8.651 ±  0.874 7.674 ±  0.777
72°-9 r 12.817 ±  1.068 8.735 ±  0.874
9 2 ° -ll l° 10.134 ±  0.896 8.428 ±  0.807
112^-130° 8.671 ±  1.029 6.181 ±  0.883
Table B.IO: Angular cross sections for setup 3
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